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FOREWORD

This report was prepared by Lockheed-Georgia Company, Marietts, Georgia,
for the Design Criteria Branch of the Structures Division, Air Force Flight Dynamics
Loboratory, Wright-Patterson Air Force Base, Ohio, under Air Force Contract No.
F33(615)-71-C-1129, Project No. 1367, "Structural Design Criterio, " Task No.
136714, "Airframe Structural Design Adequacy."

The study which led to this report was conducted by the Advanced Structures
Department of the Lockheed -Georgio Company during the period February to November
1971, with Mr. M, C, Campion as Program Manager ond Principal Investigator. Major
support was also given by personnel from the General Structures and General Aero-
dynamics Deportments, In addition to the authors named, the contributions made by
Mr. E. J. Bateh (materials data), Mr. W. J. Huggins (operational data) and Miss B,
R. Thompson (programming) are freely acknowledged. Mr. George E. Muller of
AFFDL (FBE) wos the Program Monitor for the Air Force, and his encouragement and
assistance are ol acknowledged.

For referance purposes, the report carries the Contractor's interna! reference
SMN 311, The report wos submitted by the outhors in November 1971,

Publication of this report does not constitute Air Force approval of the report's
~ findings or conclusions, 1t is published only for the exchonge enc .imulotion of ideas.

L P
Gordon & . Negaord, Major, USAF
Chief, Design Criterio Bronch -
Structures Division

Air Force Flight Dynamics Laberotory
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ABSTRACT

The proposed reliability-based static strength criteria system described in AFFDL-
TR-67-107, Volumes l-lll, was reviewed to determine the data requirements

and availab..ity, the implications of such an approach on the structural design
process, methods by which implementation can be achieved without discontinuity,
and necessary changes to specification and handbooks. Volume | describes the
studies made using data for the C-141 cargo transport. Volume 1i describes the
findings and incluaes five appendices. The principal conclusions are that insufficient
data exists for the imminent implementation, but that studies of the relative reliability
of different configurations and components or of different conditions at the same

location would provide a short term means of using the system to gain familiarity
and confid. ce.
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SECTION 1

INTRODUCTION

Many attempts have been made to achieve the realization of techniques for applying
reliability methods to the definition of structural strength. The most comprehensive of
these was prepared by Innes Bouton and others and is described in AFFDL-TR-67-107.
The three volumes of that report of that report discussed previous methods and derived
proposed methods covering both tima-independent (static) and time-dependent (fatigue)

strength. The full range of interactions with non-structural, operational, executive,

and coniractual areas was discussed.

The study described in the present report was aimed . reviewing the proposed method
for applying probabilistic techniques to the assessment of static strength reliability.
This review was to identify the deto requirements of the oroposed method, the
necessary changes to specifications and design hondbooks, the interfaces with non-

structural design areas and the steps to be taken during implementation of the method.

(Repeated from Volume |.)




SECTION 1
SUMMARY

A cleur understanding of the various operations incorporated into the proposed static

strength reliability analysis of AFFDL-TR-67-107 is necessary to its successful imple-
mentation. Section |l provides a simple worked example which illustrotes each step
in turn using, first, dummay data ond then realistic data. The categories of required

doto ore defined.

Sections IV through IX discuss each cotegory in turn, by means of studies of dota
pertinent to the CT-141A corgo tronsgort aircroft. Secticn X then summaorizes the

findings in the form of o trial application of the method to the wing of the C-141A,

Sections X| and XII discuss, respectively, the updoting of the dota to reflect the stote

of knowledge ot vach stuge during thu design and operationa! life of o vehicle, ond

~ the form in which the required dote might be stundardized.

Specific steps reavired to achieve the short-term ond long -term implementotion of the
method ore described in Section X1, and the necessory chonges % existing MIL-A
specifications ond AFSC Design Hondbooks are summorized in Section XiV, Section

XV contoins the conz lusions end recommandations resulting from the study .

Five appendices follow the moin iext. Appendin | cutlines o tecinique for the use of -
bi«madal (dovble-fomily) slﬁfisfi'cai distributions; the Gumbel distributicn of extremes
is employed os on exomple, but the mothod is volid For o renge of stotistical disteibu-
tions. Appendix H containg the busic equations of the computier progrem used in the
study; this usas double~family Gumbel disivibutions, o constent celeulotion interval,
end employs Soyes' theorem to incoeporate the eifocts of test results, but is otherwise
similar fo the originel progrem; many of the inteemedicte results are, however, printed.

Appendix [ll describes the progrom, its input requireatents and operction.
Appendix IV contoins sample runy mede with the program, ond Appendix V shows the
onalysis of load and strength date using double-fomily representations.

{Repectsd from Volume 1))
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SECTION Xl

UPDATING OF DATA

Introduction
Reference 1 stresses the continuous nature of the process of estoblish-
ing the structural reliobility . The specific items to be updated are
described in this Section, ith the practicol means of doing so described.
Doto ltems
The three fundamentol dato categories ore:

o load spactrum

Q error function

o strangth distribution A
ond each will change periodically during the total lifetime of o spesific
oircraft. The potticular paints ot which dota revision ore mat likely,
ond which pamit progressively updated reliability estimation, are:

o Initiol Design Stuge |
o Detoil Design Stege
o Afrer Detoil Design, but before Static Testing
o) After Stotic Testing, but before Design Revision
Finol Design, but before Gperstion

o Duting Operation
Foch is discussed seporately below,
Revision Stapes

a. lnitiol Design
During initial design, the lood spectro must be beied on outuined
wtilizotion, cisumed cerodynomic ond inertio cdistributions over
the oicfrome and atwuemed probobilities of otcurrence of different
conditicns, An error function con arbitrarily be selected from one

oi ine “stondard set”, or con be bated on pust test exparience

‘ad




N

'E:‘
=5
Y
W)
3

within the particular company. Strength distribution data will
be selected from the chosen materiol data, with, advisedly,
allowances for the effects of fabrication and assembly which
reflect any unconventional features. Predictions can be mode

of the reliability, ossuming values for the various parameters.

Detoil Des:gn
By the time that the detail design stage is reached, some additional

information will generoily be available. Revised load spectra will

~have replaced the preliminory doto; some component test data will

usually have been accumulated, porﬁéulorly for any novel design
feotures, and will permit a revised error function to bo selected.
If new construction methods are proposed (fosteners, soy!, then
sufficient test doto will perhapy be availoble to indicate the
variability of the process ond s to permit revision of the strength

distribution, A second set of reliohitity estimotes is possible.

Betore Static Testing

At the end of the detail design vtage, but before stotic testing,

- a third set of reliability estimates con be colevloted. This

will reflect any additiona! date gothered wp to this time, pare

tivulorly in the strength distribution orse.  The reliobility

predicrions will remain bowed on assymed fest nosuln,

After Static Tmting

The static test tesuits will have one of two elfech, Either

the dosign goo! will have been met, th - confinming the pro-
dicticrs, o it will net have beoen mpt . In the lotter event,
o counes of gction e posible: redesign will be perfommed
in the foiled vegiom, represanting a fusther iterticn, or the
desigh and operoting conditicrs will be revised o cormepond te
cchievement of ¢ lower loading ot the origiral reliability, o a

lower reliability ot the arigincl load.




Final Design

After any redesign or re-analysis has been completed, but before

the aircraft enters service, o further reliability assessment can be
made . This will still be bosed on assumed utilization and assumed
load distribution dota, but will reflect all strength data accumulated

up to this time .

During Operation

Operational dato will be appropriate to two distinc! types of revision
of the reliability estimote . The first is the obvious one =f parmitting
realistic load spectra to be formulated, and the second is a very

importent one which is usually overlooked. Eoch flight wxperience of

a particulor load is on additional test to that load level. Now, it

has been shown that the influance of testing to low load levels is
ingignificont, but each ond every aircroft that sxpariences ¢ high
load level provides a furthar doto point which adds to the
knowledge required to sredict @ better rolighility,

Periodic updating con be perfarmed o5 doto is aecumuloted;

this should not be too frequent, for cconamic reosons, ond
determination of the appropriote times will depend oo individuol

circumsionces ,

1.4 Cpecationol Bote Recoiding

a.

Gne of the grectest potentiol eress for acquiting new and batter
weucturol design data Hies within the Alr Fosce’s Aircraft Steuc-
tural Integriry Progrom, ASIP. As o port of the ASIP, each aircrafr
system must have an Individuol Airzeoft Service Life Monitoring
Program, JASIMP; and o1 6 port of the [ASLAWY for the mace critical
systems, o aumber of gircroft in each fleet is to be equipped with
Multi-Chonnel Recorders {M-CR).




The need for multi-channel recorders has been a recognized part of
Air Force planning for at least ten years. Some recorders have even
been developed cnd used with varying degrees of success, but with
limited applicability. Starting in 1968, the Air Force laid plans
for a new and more univesal recording system. The AFLC, through
its several AMA's, gathered data on the type of information needed
to effectively carry out the IASLMP’s on a wide variety of aircraft,
These data were synthesized by ASD, along with other known and
projec-ted requirements, to prepare a set of recorder specifications,
In June 1970 ASD, under the auspices of AFLC, let a contract to
develop a new 24 channel digital recording system and a ground
playback unit, That system is still under develooment at this writing.
A unique feature of the new system is that a single basic recorder
unit will be suitable for all types of aircraft. To accommodate
peculiar requirements of different types of aircraft, the system in-
cliudes development of four different converter/multiplexer units,
sach of which is compatible with the one recorder module. Current
plans call for the initial production of about 140 recorder systems,
with a contingency buy ot approximately 140 additional sy stems.

A portion of most "fist~line" aircraft fleets (ranging from about

5 to 20%) are tentatively scheduled to receive the recorders,

with ti st installation starting in late 1972,

b.  One of the majour objectives of the multi~channel recorder
program is to provide a better tool by which to accomplish
structural fatigue tracking. In fact the entire program to
date has been oriented toward - and largely justified by -
the structural fatigue problems., However, because of the
high commonality between the data needed for fatigue design

or tracking and the data required to develop new statistically




TABLE XIX

PROPOSED LIST OF MULTI-CHANNEL RECORDER
PARAMETERS FOR THE C-141,

NO. ITEM NAME

1. T Clock Time

2. HP Pressure Altituda

3. Ve Equivalent Airspeed

4, NZ Normal Acceleration at C.G., g's
5. NY Lateral Acceleration at C.G., g's
6. e Fitch Rate

7. ‘P;' Yaw Rate

8. e Elevator Position

9. 8,. Rudder Position

10, & Flap Position

11, Vg Ground Speed

12, {3" Nose Gear Steering Angle

13. v, Strain at Lecation 1

14, o3 Strain at Location 2

15, o Strain at Locatien 3

16. A Strain at Location 4

17. 0 Strain at Location 5

18, AP Cabin Pressure Differential

19, Wf Total Weight of Fuel

20. S.S. Squat Switch Make-~or-Break Signal
21, DD Date

22, DD2 Serial Number

23, DD3 Base of Assignment

24. DD4 Initial Cargo Weight or Cargo Update
25, DDs Total Initial Fuel Weight




basedstrength design criteria, this I~tter area will inevitably
benefit. A second stated objective of the Multi-channel recorder
program is to accumulate data for use in the structurel design of
future aircraft systems, The opportunity offered by this objective
is obvious. After the recorder installations are made and records
accumulatad for a time, certain of the data on each aircraft systam
will "mature” to the point that further recording produces no new
intetligence. When this happens the recorder program can and
should be redirected toward goals that are allied more specifically
to the statistical strength criteria, A hypotheiical example of such

a switch is given in the second following paragraph.

Since the C-141 has been used for iltustration in other sections of
this report, the same theme is followed here. Table XIX shows the
list of parameters that have been selected by WRAMA for the M-CR
program on the C-141. Each of these parameters - either singly or
in combination with others - is believed to produce something of
value either directly in a contemporary fatigue tracking process,

or in the derivation of new fatigue criteria, or both, Several of
these parameters should be useful also in deriving new statistical
strength design criteria. For example, normal acceleration at the
center of gravity, NZ' is a valucble parameter in its own right
since it is a direct measure of the gross symmetric response. When
NZ experience is properly sorted by weight, speed and altitude,
subsequent peak counting of the data provides the type of statistical
distributions required in the deternination of strength levels. A
further refinement is attainable by a joint analysis of N, with
elevaiu deflection. Besides allowing a separation of symmetric
gust and maneuver responses, such an analysis should also afford
the collection of good statistical samples of abrupt pitch maneuvers -

an important design area about which little is known for cargo aircraft.




In a similar manner N, can be sorted and peak counted for use

Y
in lateral load predictions, and it can be jointly analyzed
with rudder deflection to fill the gap in knowledge about abrupt

rudder kick maneuvers .

One other illustrative example is worthy of noting here concerning
possible future direction of the M~CR program. If the C-141

program is successfully implemenfed and prosecuted, certain of the
parameters will attain a statistical stability after which they need

not be recorded full time. The resulting surplus of recorder capacity
may be used effectively to fill knowledge gaps such as that conceming
the phosing of PSD loads. In gust analysis current PSD methods allow,
for example, a fairly precise, but separate, determination of shear,
bending and torsion at a given structural location; but the phasing

of these three vectors in a deterministic strength analysis is largely

a guessing game . The addition of strain gage clusters or rosettes

at selected stations could provide real |i”. samples of the amplitude
and frequency relationships among two or more load vectors, Date
such as these will be essential in future designs in order to express

applied loads and structural strength in @ common set of terms,

In summary, the multi channel recorder program{s) is viewed as
kaving, great potential in gathering data for use in applying the
new structural reliability concepts. In particular, statistical
information on loads and the loads environment will be developed
in both the volume and detail necessary for a rigorous statistical

load analysis




SECTION Xil
STANDARDIZED DATA

12.1 Data Categoriss

a.

The proposed probabilistic system of criteria is intended to

provide desired structural reliability levels for normal operation
and for a reasonable degree of overload. The basic concept is
that the statistical variations of load and strength are jointly in
corporated into the risk assessment. A convenient approach would
be provided by charts relating the required design and test factors
to the reliability levels in terms of parameters describing the load
strength distributions, the error function and the number and type
of tests.

The study described in this report reveals that the "demonstrated"
reliability is indeed a function of all of these parameters. Further-
more, simultaneous consideration of both normal (limit) and overioad
(omega) conditions will seldom be possible because the permissible
load level (streng  will generally be different. Each structurol
location will require separate analysis, due to the fact that both
the load and stre. gth distribution will differ trom point to paint,

12.2  load Data

0‘

Theoretically, it would appear possible to develop a single load
spectrum for each location, which would contain the total lood
occurrence properties for an aircraft lifetime. The statistics required
to achieve this goal are not available, even on aircraft which have
sccumulated extensive operational experience. For example, in-

formation is required on the probabilities of

1) weight and weight distribution
2) speed and height
3) type of load condition (gust, pull-up, rudder

kick, etc.)

4) level of loading (in terms of a basic parameter)

5} time history of loading (to describe the local
loading)

6) ossoc) iated load systems {pressure, thermal gradient,
ate,

10
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and these probabilities are clearly not independent, so that
the resultant probability of each combination is needed.

b. Some degree of standardization may be feasible, even if it
is more arbitrary than statistical in origin. For example,
gust velocity descriptions are already employed in fatigue
analysis and would be directly usable. Normai load factor
spectra exist in a suitable form in existing criteria (reference 2)
and these distributions can be regardad as standard for the
appropriate category of aircraft and the appropriate type of
mission,

c. Many of the remaining areas require extensive data callection
and anolysis. This is particularly true of tha asymmetric fiight
conditions whic.. are of increasing significonce a- sweepback
increasas and aspect ratlo redutes.

d. For the initial use of the propased system, one passible meons
of filling the void would be for an assumed set of data to be
derived from what data can be assembled. Such synthetic
“statistics" must be regarded as artificial, but would of least
permit comparison of different aircraft, different lacations on
the same aircraft or different structural designs of the some loco-
tion, '

e.  The necassity for an adequate probabilistic prediction of the
utilization of the aircraft becomaes os grear us in fatigue analysis.
However, in addition to the overage or typical conditions for
eoch segment of the mission profile, it will be necessary to
derive {or ossume) the shape ond dispersion about this mean.
Without this detailed lovel of data, no realistic oitimate of

- the risk of failure can be mude; the altarnative is to ignore
the probability disteibution of the loads, 1o assume o known
certain lood and to bae the relichility estimate wiely on the
varlation in strength. While this may be conservative, it nogates
wost of the advantages implicit in the proposed mothod of reference 1.




12.3  Strangth Data

a. Extensive materioi strength data already exists as the necessary
means of establishing the published design allowables. Although
the allowables themselves represent only one discrete point in
the distribution, the required dato should be accessibie; the form
of data required consists of the mean and standard deviation and
the shape of the distribution to be used. For reliability analyses,
it should be remembered that the lower tail of the distribution is
most important in the assessmant of the risk of first failure (mean
time before failure estimates are not appropriate), and distributions
must be chosen with this in mind. Double~family distributions may
be appropriate (see Appendix 1), and if these are employed, the
necessary material strength data will genarally contain five parametars.

b. Most of the dato describad above relates to the basic properties of

the material os delivered to the aircraft manufacturer. The structural
strength of the final product will reflect voriations imposad by all of
the operations inherent in fobrication and ussembly (the time «dependent
effact of service weor and tear is not considored in the context of the
prazent study, but may need to be examined). '

Date on the strength of various detail configurations, such as lugs,
fittings, joints, etc. exists in o random manner, but usuelly in in-
sufficient quuatity to provide odequote statistical dis*ribution data.
Tha acquisition of such information is of pargmount iuporiance to
the success of the proposed mathod.

¢. Appendix V gives examples of the onolysis of typical samples of dato
' of moterial strength and joints,  These reveal that the conventionol
assempticn of normal distributions moy not be desirable, ond thot

5 ' better correlation with observations can be achisved with skewed
distributions (either single-family or double~family}.

d. Two opprooches are possikie Tor the derivation of the required infor.
mation on the strength of fnbricated structures. The first involves the
seporate assessmant of the baosic material propetties and of the offects
of tabricotion, the two being subsequently combined fo give the

rosulting distribution (the computer progrom of Appendix H provides
this focility). The second approoch involves only the stotisticol
12
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a.

analysis of large numbers of identical components to assess the
resultant strangth variation directly, without attempting to ascertain
the contributions due to the separate causes.

Since so much material data exists, the first approach recommends
itself, but o deliberate effort is required to determine the effects of
tha various fabrication and assambly operations in statistical terms.

12.4  Error Functions

The importance of this function has been illustrated in Sections i

and Vll. The formal recognition of the probable discrepancy between
the intended strength and the actual achieved strength is perhaps

more important thon the particular function used, since the use of
Bayes' theoram tends to be self-compensating once the necessary testing
is performed. The function describas the discrepancy (however caused,
whether by design errors, dasign tolerances, deliberate under-design,
quality control errors or fobrication and assembly errors) in terms of
the distribution of the probable mean strength of the design.

Section Vi describes four types of function suitable for the definition
of the probable discrepancy. While tha usg of some stendord function
is possible, it does not permit the recognition of the experience of o

-particular constructor with his own policies and practices. Comments

on the four types of functicn are:

}; The Joblacki function, os used in reference 1, uses static
test dato from tho 1940 pericd (refarence J); it is Implicitly
assumed that the ratio of test strangth to design strength des-
cribas the rotio of maeon strength to intended mean strength,
but it is equally opparent that no account is taken of the
probability that the test article wos weoker or st onger than
average. '

2) Freudenthal, in reference 4, ottempted to update the Jablecki
dota. The relevance of the data used is not oltogether cleor;
the comment is made that the results ore resresentative of current
practice, yet dote are included for aircraft of the pre-1950 period.

13




3) Both of the above functions are most easily used by
basing the constants on a curve-fit at two selected
points. The same concept can be employed using the
Gumbel distribution of minima instead of the Bouton-
Jablecki equation (linear log-log relationship) or
the Freudenthal exponential function. Any other suit~

able distribution can also be employed.

4) The fourth type of distribution is the double-family dis-
tribution described in Section Vil. This technique may
be the most suitable for fitting past experience, or for

permitting recognition of the additional risk of design
error when a radically new type of construction is being
employed before the required analytical tools have been
fully developed.

¢, As will e shown loter, using the single~tamily Gumbel distribution
of varying dispersion, the degree of dispersion (coefficient of
variation) has relatively little influence once the test results have
been incorporated. A relatively low risk would probably be intro-
duced by the adoption of a standard ervor function,

BT

12.5 Presentation of Standard Date

. a. Loads Dota:

R

3] Standard 1oad spectra expressed in tarms of some design

value (such as NZ "~ ) and of @ given shope can be pre-
Max :
santed in tabular form as in reference 3.

2) Mission profile and utilization data may be standardized
for porticular aircraft or mission types, wui will probably be
best defined for each system as purt of the specification.

3) Data determining the combinotions of mechanical and thermal
conditions, the combinations of pilot and auto-control action,
and the combinations of external {gust, say) and internal (sub-
system) effects connot be standardized and must be derived in
probebilistic terms for each wcific design. In many cases,

14
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this will not be possible during the design phase; some
standard arbitrary distribution of effects may be appro-
priate in this phase for describing tlie probabilities of
engine failure, auto-stabilizer runaway, cabin pressure
malfunction, etc.

¢ . S b. Strength Data:

For each type of basic material, the present system of
discrete design allowables must be retained for association
with the design loads to permit the physical sizing of the
structure. The values need not be the present "A" or "8
values per se, but the retention of these is obviously ad-
visable.

For the reliability calculations, the mean and standard
deviation (or coefficient of variation) is required. These
dato are not generally as readily available,

In addition to material dota, the statistical effects of
fabrication ond assembly are required. Typical volues

for the various processes (rolling, stretch-forming, machin.
ing, etc.), for various jointing methods (riveting, bolting,
welding, bonding) end for the actual assembly process
(Fitting stresses) will be required, ond can be presented in’
tebulor form, :

c. Design and Test Factors:

For any given se! of the other parometers, it is possible to
derive relationships between the design factor, the test
factor and the reliability indicated by the test rasult. Two
basic assumptions will simplify the prsentation in different
woys. Tha first requires the adoption of o conston? design
factor (say 1.5), bul varies the test foctor to the value re-
quired to "demonstrata” the required reliability. Typicol
relotionships are shown in Section 1X.
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2)

3)
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The second alternative, which may be simpler in form
although less versatile, is to assume the design and

test factors to be equal. This retains the concept in

the current system, but must not be interpreted as having
the some maaning.

Since the "demonstrated” reliability is a function of the
load spectrum, the error function, the strengih distribution
and the number of tests, it is obvious that o complex set
of charts myst result. Fos the particular choice of

design factar = test factos
" one survival test

single-family Gumbel distribution of

moximum load per aircreft lifetime (meaan
at 100) :

o single-family Gumbel distribution of
minimum strength (meen ot 100}

o single-fomily Gumbel distcibution of
© prror {meae of 100), whare ersar is the
ratio of achieved mecn strangth 10 in.
tended mean strongth

the gurves thown in figures 75,76, and 77 thow the
emanner in which the factor con be chosen to vealize o
dafined reliobitity, '

Figure 75 shows the reliokilities {R) correpending to
variotions in the load dispersion (L, = coefiicient of

variotion of the dizkibuiion of maxmue loed) and in
. the design ond test faclor. Ssporate campet plohs ote

shown for thrae lovels of eeror disparsion (£,), b show
little variation with €.~ All three catpets are for strength
coefiicient of variotion (SV) of 0.04, and for one survival -
test, A series of plots of this fype con be derived for each
strength distridutien (for eoch moteriol type ond congiruction
type). |




SV = STRENGTH COEFFICIENT OF VARIATION = 0,04
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. F - DESIGN FACTOR « TEST FACTOR (ONE SURVIVAL T857)
L, ¢ COEFFICIENT OF VARIATION OF MAXIMUM LCGAD
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Figure 76 is a similar series of plots, but the var. ion

in each carpet is with the strength coefficient of varia-
tion (SV). The complete set is for a given coefficient of
variation of maximum load. (Lv =(0,04). The influence
of the error coefficient of variation is again slight. A set
of this type can be derived for each of the standard load
spectra, and used whera necessary to guide the choice of
material or construction method suitable for the attainment
of the required reliability.

Figure 77 is for a constant error variation (EV = 0.08), Each
carpet shows the combinations of load coefficient of variation
(LV) and design/test factor and is for a separate strength co-
efficient of variation (SV). This form of presentation is probably
the most useful in the earlier design stages, when the design
iteration process is being applied to determine the layout and
mmber sizes. The example (figure 77 ) illustrates the im-
portance of the strength variation, implying for exampie, that

a reliability of 0.9999 cannot be achieved with strength varia-
tions exceeding about 0,06, unless very high design/test factors
are used,

Figure 78 *llustrates the associated probabilities of surviving the
survival tast. This quantity is independent of the load spectrum,
and for the chosen equality of design and test factor, shows

surprisingly little variation with the strength or error le als.




SECTION Xill
STEPS TOWARDS IMPLEMENTATION OF THE PROPOSED SYSTEM

13.1  Intraduction

a. The proposed system of probabilistic criteria, aimed at providing

the desired degree of static strength reliability, offers several
advantages over the present deterministic system. Nevartheless,

it is necessary for the essential features of the system to ite intro-

duced in a m~~ner which assures continuity with the p:7 .ent system.
A two-stage process is suggested in this Section. Initially, there
will be insufficient data available to implement the total aim of
establishing a single reliability figure covering the entire life of
the fleet; however, aven restricting the calcuiations to those flight

conditions for which data is available will serve several useful
purposes.

There is an inherent resistance to new methods, especially when
the existing techniques appear to be adequate. Familiarity (with
the old) breeds contempt (for the new). This is particularly true

in this context, since the proposed method requires a radically
different interpretation of testing. Furthermore, a number of
decisions will be required which must be based on the correct
understanding of the probabilistic processes; since this is an un-
familiar subject tu many of those who will be responsible for the
decisions, it is vital that the physical, rather than the mathematical
interpretation of each step in the chain should be kept clear.

The use of the method as a means of comnering the relative risk rates

of various designs, of various flight corditions and of various struc-

tural locations offers an opportunity to achieve fomiliarity with, and

confidence in the method. It will olso encourage the acquisition of

the data required for the eventual implementation of the complete
system.,




13.2  Initial Implementation

a.

The establishment of absolute reliability values requires assurance
that every possible cause of failure is considered. As this cannot

be guaranteed, it is proposed that the method be used to establish
the separate probabilities of failure for:

o different structural designs under the same loading
conditions, in order to indicate the optimum means
of securing the highest reliability

o the same structural location for different loading
conditions (maneuvers, gusts, landing, etc.), in
order to assess the relative risks associated with
different flight cases; it is an inefficient design
which has o high survival rate under gust loads,
but a high risk of failura during landing

o various structural locations under the same leading
conditions; this will provide o means of early ossess-

ment of areas of the structure which will be a poten-
tial source of trouble.

In this context, it will be possible to study the influence of sub-
system failures in meaningful terms, so that the overall optimum
can be establishad for the relative penalties associated with tha
addition of redundant circuits, or with the addition of structural
weight to withstand the loads resulting from a less reliable sub-
system. Information from such studies will be applicable to the

necessary decisions which involve both structural and non-structurol
areas,

Interfaces betwesn structural design and structural test decisions
will bo studied, since the method nrovides information enabling
conscious trada-offs between test 1oad levels and the probability
of destroying the test specimen. The necessity for testing to o
particulor locd level con be sudied in terms of the reliability

level "demonstrated”. The necessity for redesign can be inter~
preted roalistically in the some terms.



Swdies of this type should be performed on o number of
existing operational aircraft, us well as on a number of
new designs. This will provide an insight into the relative
importance of various parameters, as well as indicating the
implied reliabilities of existing aircraft for the conditions
studied.

It is suggested that these initial studies should be based on

the same limit design factor as wos used in the deterministic
criteria system. The interpretation of actual test results will

be in terms of the reliability indicated by the test results.

This will provide the desirable cantinuity with existing methods.

During these initicl stages, it is imperative that every induce-
ment be given to the collection and analysis of dato required by
the fuli method. This must include;

o lood spectrag for different conditions

o mobabilities of differant spesd-height-waight
conditions

strength distribution dato for basic materials

strength distribution dota for fobricoted components
using ¢ variety of fobrication ond assembly methods

achieved strength versus intended strangth data o
verify the actual discrepancy levels

- 13.3  Finol Implementation

. Q. It will not be possible to achieve o completely probabilistic
svstem with any real meaning until o greot deal more statistical
data have been derived, Mowever desirable o single reliobility
value might appear, the judgnient as to what is acceptable will
remain orbitrary . Who con decide logicelly whether 0.99996 is
acceptoble but 0.M9994 s not?

Because of this dilamma, it is probable that the relative risk

assessment technigue will prove o be worth retoining even when
oll of the necessary data is ovailoble. This provides not only o

means of indicating potential sources of wackness; but also o tool
by which the intended utilization con be modified in such o way

as 1> moke the best use of o given airfrome.
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13.4

Flight Testing

One further area which would repay study during the gradual implementation
of the system is the relatively high risk associated with deliberate flight test-
ing to improbable corners of the flight envelope. The probabilistic load
spectrum for such aircraft remains at o level of 1.0 up to the maximum in-
tended load, which changes the failure probability from that predicted for
the operational aircraft. Studies of this fecture would probably enable o
more cost-effective structura flight test program to be devised which is still
capable of demonstrating all necessary conditions ot a lower risk of loss.

Overload Capacity

a. Some part of the present factor of safety has long been recognized

as providing o morgin of strength to cater for occasionol exceedences
of tha placarded limitations. The real overload capacity of on air-
frama is, however, for from consistent, epeciolly as the structural
optimizotion is based on the factored limit lood system. A frequent
pmblam is the solution of the question: if a factor of sof tyof 1.5
exists ot lead level P, ot what load lovel does the fw:tor of safety
become 1.0 {or 1.2, or 1.3)?

Figure 79 illustrates the random natuce of the overlead capacity

of the toto! structure. Suppose the exterul foad, P, ot some struc-
tural focation to vary lineorly with the basic parometer (say NZ),
gnd_to pay through tha erlgin , os shown by curve A, The un'm.tmee

limit values ore NL ond Pl. with o foctar of swfety of 1.5, the design ,
foad is Py, = 1.5 Py, 50 that the parmissible N, with o foctor of saiety o
of 1.0 issimplyNuﬁlSN : :

Now consider the existence of o supedimposed locdmg independent of
- Ny (this might be o C Mo load system of an intetnal pressure, for

exomple). Curve B resulty if this loading adds 1o the original loading.,

For the ome limit load factor, Nl’ tha uafoctored load is now PL
8
and the facrored load is ! u (foctor of 1.5), For o foctor of sofaty of
1.0 the parmissible Ny i u now NU which is clearly graater thon
the fiest walue, NU' 8
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If the superimposed load system relieves the varying load, as

in curve C, the loads PL and P result, the implied overload
C
cepacity being Ny , which is less than NU.
(o

Hence, the overload copacity, NU’ of a given part is dependent
on both the rate of change of load with loading parameter (Nz),
and on the value at zero load parameter. if the intercept represents
a relief, the ove load capacity will be less than the nominal value,
but if it adds to the varying load, a greater overload capacity will
exist.

Figure 79 represents the simplest of all conditiuns, o linear system.
The quantity which reflects the overload capacity will be a local
internal load; in general, this will not be a linear function of the
extemnal load, and the external load will not be o linear function of
any parameter which can be used to define the operational limitations.

It can be stated that the actual overload capacity of o given airframe
varies from one tocation to another in what is virtually a random menner.

The relutionship between: the limit and omega (overload) design con-
ditions to be used is vague. It must depend on the utilization of the
particular aircraft, and ‘on what is regarded as o judicious risk of

failure. Studies of existing aircraft should be made to assess the
“actual patterns of excesdence of limit condition and the actual failure

rates, From such studias, it will be possible to devalop trends which
will anuble inital criteria to bo established which represent continuity
with present circumsiances.




SECTION XIV
SPECIFICATIONS AND HANDBOOKS

Generol

a.

The purpose of this section is to identify changes required ‘o
MIL-A-8860 through 8871, MIL-F-8785 and appr  iate AFSC-
DH series handbooks to implement the new desi,.: method.

Implementation of the new design method as o replacement for
presantly acceptable procedures is not possible at this time with
the scant amount of appropriate statistical information which
appears to be available.

Several of the previous sections of this report have reported the
availability of statistical information and illustrated how it might
be used to develop structurai design conditions. in addition, it

is very possible that much more statistical data is avoilable for

use in the new method than has been uncovered in this brief study.
Surely, many aircraft manufacturers have in their archives dato
which is not generally available concuing aircraft they have
designed and built and the Air Force filas undoubtedly include

much dota which was net available or not necessory for use in

this study. For exomple, Reference | implies that F-100

statistics concarning verticol tail loads in operational usage are

availoble. However, in this study no vertical toll load statistics

weére uncovered,

MIL-A.8860 Series Review

a.

To start the inplementation of the new design method, it is
proposad that appropriate staiements be placed in the MIL-A-8860
series {reference 2) ond in the AFSC.DH series {reference 6)

to allow the use of statistical methods as an option. Then any
requirement for which adequate appropriate statistical dota are
available can be met through the use of those statistics. Date
ond methods to be used would, of course, be subject to the ap-
proval of the procuring activity, '
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In Tables XX through XXIX the latest available revisions -

to the MIL-A-8860 series are reviewed as to applicability of the
new desiga method ot present and ia the future, and date avail-
ability to meet each requirement where the new method is applicable.
Comments are included concarning changes regquired to the subject
pavagraphs to implement the new system.

14.3  Proposed Changes to MIL-A-8860 Series

a.

In this ssction, octal wording changes to the Mit-A-8360 Saries

are suggested which allow tha use of the new desigr method as an
option. The approach used results in o near minimum number of
changes and requires the use of AFFDL-TR-67.107 and AFFDL-TR-7)
<178 os guides to implementing the systeam.,

MIL-A-008860A (USAF) 31 March 1971

2.2 Add:
“AFFDL-TR.47-107 Quantitative Structural Design Criterio
- By Statisticol Methads '
AFFDL-TR-71 =178, Impiementation Studies for o ﬁeiw&ulﬂy -
Based Static Strength Criterio System™

3. Add:

1g It is intended thot structural
griteria be established on o raticnal basis, -Critedio deline
“gated in this pecificotion and the other pecificotions in
the MIL-A-B36) series shall be used unless other criterio
ore datermiined 1o be mote rational or unless the criteria are
found 1o be inopplicable because 5 the peculicrities of the
aircroft under consideration. INew critetio o methods which
are proposed by the Contuctor shall be rotional ond tholl
ba submitted to the USAF For approval nrive to ute in struc
turpl design computations, Whsere sufficient statistical

shlishment of Criterig

information cte availoble, consideration sholl be given to ute

of the methods of AFFDL-TR-87-107 and AFFDL-TR-71.178

to estoblich foctored limit ond overloed {Omega) design

conditions commensurate with pressribed structurel relisbility

goals.” '
20
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Statistical Methods Where approved statistical methods

are used, separate limit ond overlood (omega) loading con-
ditions and separate limit and overload {omega) foctors of
sofety may be derived using the methods of AFFDL-TR.67-
107 and AFFDL-TR-71-178.

Insert the following after the first sentence-

. "Where separote limit and overload (omega) conditions
are derived, limit deformation shall be usad with limit
conditions and overload (omego) deformations shall be
used with overload {omega) conditions.*

Insert the following ofter the first sentence:

“Limit loads and overlood {omego) loads shall include
applicable factors of sofety where statistically getermined
limit and overlood {omaga) conditions are used.

Aidd the following: . v
“For statisticolly derived conditions, oliowable factor of

safety reductions sholl be negotioted with the pracuring
activity " |
Add the following:

“Far stotisticolly derived loading conditions, weight
moy be establishod prebabilistically in conbinction with
other dasign paicuaten, Weighty higher thos the pui-
fied moxing tholl be considered in stakistically estoblish-
ing overlnud conditions. ™
“6.2.2.10  Setigticc] Metheds  For stotisticolly derived
toading condition;, speadt ey be ewtadlithed piobohilisticolly
in combinaticn with other design porometers.  Speeds highet
than thots commaniurale with the ecified aperational ue
of the girplone dhall be considerad in sorivtically esteblishing
overloud {omego) conditions.” ‘

"4,5 Suuctural Pelighility Goals, Where statistical methods

of AFFDR-TR.&7-107 or AFFDL-TR-71-176are wsed, the occurrence
of Limit ond overload {omego) load levels ord minimum steuciural
reliability gools shall ba in accordance with Toble XXX, '
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TABLE XXX
STRUCTURAL RELIABILITY OBJECTIVES

———aap

Alrcraft Type

A, F, TF

O,T,U,Bl,Bu, C

Structural Relicbility
Gool

0.99

No. Exceedances of
Limit Condition per
Aircroft Lifatime

10

Probability of Exceeding
Omega Condition in Air-
craft Lifetime




c. MIL-A-Q08861A (USAF) 31 March 197)

3.2 Add:
“Subject to the opproval of the procuring activity, 1he statistical
methods of AFFDL-TR-67-107 and AFFDL-TR-71-178  may be

used to establish probabilistic combinarions of parameters for use
in the solection of design conditions.

3.3  Add:
%¢. Where sufficient statistical information is ovailable, combi-
nations of weights and load foctors moy be established probabilistically.”

214 Add: .
“Where statistical mathods are usad, probabilities of feiluwre may be
detesmined to estobiish levels of inoperativeness to be used for design
conditions, "

3.18  Chonge "deasign ultimote™ 1o "foctorad dasign limit or focrored dasign
overload (omega)" in three places.

3.22.2  Add © end of porsgroph:

' “If sufficient stotisties con be established 1o extend the mimion
anolysis - gproach K smego tood extromes, the movimum leads
derived from 3.22.2.1.1 olose may be used to gavers the design
of the oirplone.” '

3.22.2.1.1 Change the lost wntence on poge 19 to read:
' *"The fimit tocds will be wltiplied by 1.5 to establish factored darign

foods except where statisticsl methods ere vied to eiteblith soparate
limit and overiosd {omega) foods.”
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3.2.7

3.2.2

3.4.2

3.4.5.7

3.8

MIL-A-008862A (USAF) 31 March 1971

Add the following:

"Subject to the appiovel of the procuring activity, the statistical
methods of AFFDL-TR-67-107 anc AFFDL~TR-71-178 may be used
to establish probabilistic combinations of the design parameters of

this specification."

Change the last sentence to read:
"The analysis shall be performed in accordance with MIL-T-6053

except os madified by approved statistical methods.”

MIL-A-008867A (USAF) 31 March 1971

Change seventh sentence to read:

“All tests to design ultimate load (or to limit and omega loads
including appropriate test factors of safety for statistically derived
conditions) shall be completed prior to performing fail-safe tests

and failing-load tests for any condition."

Change first sentence to read:

BT .-

FROIY véa;9n v:::u:\}:v :Quul (:;m;; Ull\: wineya :vuu's-;nc;uu';ng
appropriate factors of safety for statistically derived conditions)

shallbe . . . ."

Dalete "ultimate-load” in the first sentence. Add the following

ofter "1.5 times" in the second sentence:

"{or to the appropriate factor of safety for statistically derived

conditions)"

Change to read:
"All landing -gear drop tests shall be conducted in accordance
with MIL-T-6053 except as altered by statistically derived landing

parameters, where applicable."




14.4

MIL-A-008870A (USAF) 31 March 1971
Add the following at the end of paragraph 3.1:

"Note: Subject to the approval of the precuring activity, the
designcted speeds VL and 1.15 VL of this specificaticn may be

replaced by appropriate statistically determined maximum speeds. "

MIL-A-8871 (USAF) 1 July 1971

No specific changes to MiL-A-8871 are proposed at this time.
Possible conflicts with implementation of statistical methods are
pointed out in tables XX through XXIX.

AFSC-DH Series Review

a.  Necessary changes to the AFSC-DH series ir order to
implement the new procedure are quite minor. Basically,
the changes involve redefinition of limit-ultimate load
concepts rather than use of a 1.5 factor of safety in several
handbooks and the inclusion of definitions and reference
documents in DH 1-1.

The proposed AFSC DH 1.7, Aerospace Materials, may
require some changes but since it has not been issued, it
was not reviewed, Proposed changes for the other documents

in the series follow.

b.  AFSC DH 1-1 {1 December 1970)

Section 2L, page 2. Add the following:

. "LOAD, OMEGA - A low probability of occurrence over
lond lever which replaces the ultimate load concept in the
application of the statistical approaches of AFFDL-TR-67-107

and AFFDL-TR-71-178 "

Section 25, page 1. Add the following to the definition of
SAFETY FACTOR:

"In the application of the statistical approaches of AFFDL~TR-
67-1L7 and AFFDL-TR-71-178 limit and overload (omega) con-

ditions may have individual safety factors which are st ‘istically

determined.”
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Chopter 4. Add the following to the list of references:

AFFDL.TR-67-107
AFFDL-TR-71-178

AFSC DH 1.6 (Revised 20 January 1971)

Design Note 3BX. Chonge item 3. to read as follows:

*3. Use an ultimate factor of safety of 1.50 except where
acceptable statistical methods are employed to develop
separate limit and overload (omega) conditions and corre-

sponding factors of safety."

AFSC DH 1-X (Revised 15 January 1971)

Design Note 6A1. Change item 1.2 to read as follows:

"1.2 Use an ultimate factor of safety of 1.50 except where
acceptable statistical methods are employed to develop
separate limit and overload (omega) condition and corre-

sponding factors of safety."
AFSC DH 2.1 (Revised 1 October 1970}

Design Note 2A1, Under paragraph 2. BASIC DESIGN AND
TEST PHILOSOPHY, replace the 4th sentence with the following:
"Design the aircraft so that it will not fail at ultimate loads (or
at limit or omega loads including appropriate factors of safety when
statistical methods of AFFDL-TR-67-107 and AFFDL-TR-71-178
are used)."

AFSC DH 2-X (15 September 1970)

Design Note 1A1. Change item 1.2 to read as follows:
"1.2 Use an ultimate factor of safety of 1.50 except where
acceptable statistical methods are employed to deveiop

separate limit and overload (omega) conditions and corre-

sponding factors of safety .




14.5 MIL.F-8785B Review

G. This section of the study is concerred with establishing the need
and availability of appropriate dota necessary - 3t the existing
design requirements of MIL-F-87858 {reference 7) when using the
new design method.

The military specification, MIL.-F-87858, contains the requirements
for flying qualities of United States military piloted aitplanes. The
requirements of this specification should be applied to assure that
no limitations on flight safety or on the capability to perform in-
tended missions will result from deficiencies in flying qualities.

The flying qualities of modern airplanes are the results of in-depth
design analyses using current cerodynamic criteria. These flying
qualities are then evaluated by pilots flying simulators or the
actual airplane. One of the most acceptable evaluation standards

for flying qualities is the Cooper Rating System (reference 8).

b. in MIL-F-8785B there exist three levels of flying qualities; i.e.,
Level 1, Level 2 and Level 3. These levels are very nearly parallel
to the standards of the Cooper Rating System. The definition of each
of the three levels as specified in MIL-F-8785B is as follows:

Leve!l 1 - Flying qualities clearly adequate for the

mission Flight Phase.

Level 2 - Flying qualities adequate to accomplish the mission
Flight Phase, but some increase in pilot workload or
degradation in mission effectiveness, or both, exists,

Level 3 - Flying qualities such that the airplane can be con-

trolled safely, but pilot workload is excessive or
mission effectiveness is inadequate, or both. Cate-
gory A Flight Phases can be terminated safely, and
Category B and C Flight Phases can be completed.

. It is not the intent of this work fo regenerate or update the aerodynamic
criteria or the flying qualities standards. Rather, it is intended to
establish an interface between these criteria-standards and the new
design method. This method inherently features the statistical concepts
of probability and reliability.
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d.

e.

A fiest round of coclescing these statistical concepts and the
flying qualities standards already exists in MIL-F-87858 and
in the Concorde flying qualities specification TSS Stondard
Number 3 (reference  9). i these specifications certain
degraded flying quality levels are linked with a probability
of occurrence of airplane failure states. No breakdown of the
failure states into the various airplane components and systems
is attempted.

There are numerous aircraft systems, such as flight controls,
powerplant, navigation, landing gear and communication sys-
tems, each of which has different characteristics relative to
probability of failure. Some of these systems directly affect
the flying quality level of the airplane. Perhaps the most
directly related is the flight control system.

In this study the flight conirol system of the C-141 MAC Trans-
port has been chosen to iflustrate the probabilities of system and
sub-system failures. The C-141 flight control system is composed
of several subsystems, the major elements of which fall into three
groups; basic controls, trim controls and other controls. These
major elements are further broken down according to their specific
task and they are listed as follows:

Basic Controls: Aileron
Rudder
Elevator
Roll
Yaw
Pitch

Flap

-

-

Teim Controls;

-

@

Other Controls;

-

Spoiler

-

LW KN = W N — WD~

.

Stall Prevention

Failure rate data have been collected for the C-141 MAC Trans-

port fleet over a period covering the entire flight life of the airplane,
which benan about mid 1965. A sampling of failure rate data, covering
336,418 flight hours, has been used in this analysis. This data was
accumulated between September 1968 and March 1969 ond lists failures
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of each of the above subsystems, !t should be recognized that
this data is but o sampling, that the results represent trends and
are not conclusive.

The number of in-flight failures and in-flight aborts due to each
subsystem of the flight control system have been extracted from a
voluminous bank of available data. The probability of faiiure for
the various C-141 sub-systems is presented on Figure 80. In-
terestingly enough the trim control sub-systems exhibit the lowest
probability of failure or the highest reliability. The boundary

line shown as Level 2 is taken from section three of MIL-F-87858.
The foctor used to convert probability per flight to probability per
flight hour is five (the nominal C-141 flight is approximately 5 hours

in duration).

Similarly, the number of flight aborts for each sub-system is shown
on Figure 81 . In this sumpling of probability data there were no
in-flight aborts attributed to the roll or yaw trim sub-systems. It
should be noted that the Level 3 specification from MIL-F.87858 is
much more stringent than the Level 2 standard. The scatter of the
data indicates that perhaps the specifications should be expanded to
cover separately each group of sub-systems such as basic contsfs,
trim controls and others, Up to this point only the flight con-
trol system hos been discussed. The probability of in-flight aborts
due to the C-14]1 powerplant system for the previously mentioned
data sampling is 72.5 aborts per 1000,000 flight hours.

Bafore on actual family f specifications con be recommended, an
in-depth study of flight failures and in-flight aborts is necessary.
Typical classifications of airplanes should include transports, cargo,
fighters, tankers, atc. Military transpart and cargo fleets to be
analyzed would include the C-141, C.5A, C~130, KC-135 and
C-123. Commercial fleats to be examined could include at least
the L-188, L-1011, B707, 8727, B737, 8747, DC-8, DC-9,
DC-10, €880 and C990.
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CONTROLS

1 AILERON
2 RUDDER
3 ELEVATOR

TRIM

4 ROLL
10— 5 YAW
& PITCH

OTHER

7 FLAP
8 SPOILER

9  STALL PREVENTION //

10
/ 06

? / B
‘ .

NUMBER OF IN-FLIGHT FAILURES
()

10
LEVEL2 (MIL-F-87858)
0 |
10 -l
10° 10t e 10°

INCREMENTAL FLIGHT HOURS

FIGURE 80 C-141 IN-FLIGHT FAILURES (336,418 HOURS)

e T r ety




NUMBER OF IN-FLIGHT ABORTS

1071 conTROLS
1 AILERON
2 PUDDER
3 ELEVATOR

—

015 vaw
6 PITCH

OTHER
A

7 FLAP

8 SPOILER /

/

| 7
TRIM | ﬁ\\é
4 ROLL 3
NO ABORTS

LEVEL 3 (MIL-F-8785B)

L/

10

110 Bl ’
10° 10t 10°

INCREMENTAL FLIGHT HOURS

FIGURE 8! C-141 IN-FLIGHT ABORTS (336,418 HOURS)
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It is possible that the probability of failure analysis for each
classification of airplane could produce a different set of
specifications for each. Even within a classification the degree

of system and subsystem complexity can produce a wide dispersion
of failure probability data. In any event it is proposed that each
of these factors be considered in the analysis to aid in the develop-
ment of a recommended set of specifications.

55

e —



a.

SECTION XV
CONCLUSION AND RECOMMENDATIONS

15.1  Conclusions

The study described in this report has been aimed at securing a
more éomplefe understanding of the requirements for and
implications of the static strength aspects ot the system of
probabilistic criteria developed in reference 1. The principal
conclusion is that the implementation of the complete system
wouiu be premature, but that a partia’ application can and
should be begun.

The concept of a single numerical value for the reliability of
an oirframe {or even for one snecific location on that airfrane)
is superficialtly attractive, but any real advantage is completely
negated by the problems associated with interpretation of the
number. Not only must every possible cause of leading be
established in probabilistic terms, but every foctor affecting the
strength must also ke established. Unless the total picture is
assembied piece by piece, nothing will be known about the
relative importance of the various conditioﬁs, and nothing will
be known about woys of changing the results by modifying the

operation instructions or by redesign .

Lack of statistical definitions of loading conditions is a major
obstacle to implementation of the method. This is most trve of
asymmetric flight cases and of cases involving combinations

of parometers (speed, weight, load condition, load level, etc.)

which cannot be regarded os independent .
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The reliability evaluation depends on comparisons between
load and strength, both expressed by o common parometer. The
choice of this parameter is complicated by interection between
load systems. For exampie, if wing root bending moment is

the measure of applied load, it must also be the measure of
strength; but the allowable bending moment may depend on

the applied torsion, shear and intemal pressure, Hence the
strength definition will generally be mare complex than implied
by reference 1. A nomalized porameter might be used.

The need for o single design load remains, as does the concept of
design ailowable strength. Without the ability to match these
values, determination of structural dimensions is impossible .

This is recognized in reference | and confimed, However, the
dasign foctors to be usad will vary with the stotistisal peroperties

imvolved.,

‘The strength distribution must reeognize the variations due to

fobrication and cusembly processes, os well as these of the

bosic material . Dato an these effech is lacking, ond is

vrgently needed.,

The probability that the achieved strength fevels will not be

thase intended must be rocognized by the inclusion of @ suitable -
“errar® function in the onolysis. This moy be arbitrary or based

on appropriote test experience; the choice is relotively insensitive,
since the incoipoiotion of test results Fomms o partiaily self-

compe nsGting process. '

Testing changes its meoning; it it not o proof of strength, bot

a means of indicating probable error levels, The test focton

wed moy vary according to the relicbility level to be "demonstrated™;

design to a high factor followed by testing to o moderote factor
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can imply the some totol risk os design to o moderate foctor with
testing to o high factor. The risk of destraying the specimen

could enable an optimum overoll cast-effectivenes; to be ochieved.

i.  Repeated testing (on independent specimens) will contribute to
the overall state of knowledge . Both laboratory tests and actual
tlight experiences have the same meaning of demanstration of

@ certain minimum strength,

i+ Test failures and tests surviving given loads have different meanings.
The former are ditficult to interpret consistently, and a test failure

should be regarded a3 o test surviving o slightly lower load.

k. Twosels of design conditions require evoluation. Qne is oimed
| at ensuring negligible risk of o somple where strength is less than
. the loads expacted within the placord limits. The second is oimed
at providing o suitable margin of stvength iér modgsale excenes
over p¥ecerﬁ‘ ii&\iﬁ., but a lower wiiabiliry will be defined for |
- there “omego™ conditians . Different design fogton and different

- ot foctos may be vied for limit ond amego conditions ,

I, Manogement decisions will be reguired which will be based oa
vafamilior inforeation . 1t &y importont that the phyricol
implications of the various mothemoticol sporatiom ate mainlained
1o enture thot such decisions are sorcectly guided. Compromises
between reliobility levels, design loods ond Toctors, tetween
limit and omega coaditiam, between weight und v liobility , and
between design and lest conditions wiil be macenaiv. Auement
of the relotive importonce of structure! and non-structurel systems
will b iequired in order to ochieve the requisite total reliabiiity

ot minimum cost.




——— DESIRABLE PROGRESSIVE VARIATION
LIMIT ™\
{
| . UNDESIRABLE PRECIPICE
x t"
2| POSSISLE EXTRA REQUIREMENT |
) o |
3 — I3
& Fo\
\
\\
Y
. .'&.\
QMEGA e
e
-ﬁ'
S
3 3
3 &

LOAD LEVEL
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n.

The operation of the vebicle must be controllable in order that
the intended reliability levels are achieved. This will requise
selection of placard limits which reflect the significant
paramaters, but which remain practical; this area requires
considerable care. Subsystem behovior moy assume o yreater

importonce than hitherto.

The initial use of the methed for relotive reliability studies will
lead to the necessary acquisition of familiarity with the techuiques
and witl provide guides to the factons and reliability levels implied
by the present critevio; gradual re-evaluation will lead to masa
efficient structera by pormitting identificotion of structurel

location and fliyht conditioms which are potentially of greater risk .

Contirtuauy updating of the evaluotions &y requined 1o reflect the
increasod kaowledge of cosh ytage of the devign and ope rotion of

o vehicle .

Yhe chaice of only twe level (Limit snd omegal of which the

reliobiity gaoly ote defined way nct obways be odequate to

give the desiroble progrensive reductian in reliobitity. For

example, \nciesiiog the temperature between limit and
emegd condition could result in the paset of “Hheemol buekling®
just obove limit condition gnd 6 sudden teduction in ollawoble 1ood,

Further increnes might hawe little change, leoding 1o 0 "relinbility

procipice” of the type shows in figure &3 . It oy i

Adcessary o exgming of least one rondition between limit and
ormaga condibion 1 ersure the avoidonce of such phonomeno .
The “high proof™ condition of vedvence 17 i on exomple of

this type of preceution .
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. 2commendations

a.

Familiarity with the proposed <ystem must be gained; it is
recommended that a serie. .. rudies be initiated which evaluate
the relative reliability levels of specific aircraft and structural
locations for different loading ~ases, and of different focations
for the same loading cases. The incompleteness of available
data is less important in this process, since a reasonably constant

error will have little influence on the relative reliabilities.

During this phase, oftempts must be made to coilect and enalyze
dota which is presently lacking, This includes statistical
definitiuns of the load sy: t¢ss and of the strength of fabricated
structures. Analysis of large samples of existing (but relatively
inaccessible) test data will permit selection of better error

functions than those so far proposed.

The statistical equations used to represent distributions of loads
and strength should be examined to ensure that the important
“tails" are not required. Skewed distributions and double-

family distributions should be investigeted,

The development of the appropriate terminology is vital to

the understanding of the analysis, to the achievement of the

correct decisions for compromises and for the selection of operational
guides which ensure that the intended reliability is achieved,

This new te:minology must recognize fully the changed meaning

of testing; the term "ultiﬁate foud” shauld be discontinued and
replaced by "factored load"; the factor may be o design factor

or ¢ test factor and the load may be a limit load or an overloud

(omega toad).
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e. Initial application of the proposed method to @ new design should
either
') retoin the 1.5 design factor on limit loads and vary
the test factor according to the number of tests, the
strength and load dispersions, the error function and

the desired reliability, or

2)  use equal values of design and test factor, the vaive being

varied with the same porameters.,

The reliability goals should be based on those implied by the present
criteria, to ensure no abrupt change in the structural integrity as the

new method is incorporated.

f.  Specifications and handbooks should be modified to permit the use of
probubilistic methods as n option to the present methods where

sufficient data exists.

g.  The influence of subsyster.: on the structural loads requires evaluation
of the rates of many different iypes of failure., Acquisition of

the necessary data sheuld be encouraged.

h. Interactions between static strength, fail-safe strength (the
residual strength of o damaged structure) and fatigue “strength™
require identification. Studies of the nature of thete interactions
should be pursued to permit the whole spectrum of structural

reliability to be expressed in a consistent manner,
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APPENDIX |
A NOTE ON THE USE OF DOUBLE-FAMILY DISTRIBUTIONS

It is frequently necessary to assume that all of the observations in

a sample are members of a single homogenous population whose distri-
bution follows one or other of the many stendard forms (normel, log-
~ormal, Weibul{, Gumbel, Poisson, Pearson, etc.}. Such an assump-
tion will often give a good representation of the observed probabilities

of occurrence, particularly in the neighborhood of the mode (the most
frequent values). For many purposes, a best fit in this region is desivable,
but there are other applications of statistical distributions where other

factors require emphasis,

The structural reliobility problem is such a realm. The major difference
from the more common reliability analyses is that the "mean time to
feilure” is not the desired measure of structural reliability, It is the

risk of first failure that is required, since the ultimate goal is the prevention
of all failures (in effect, there is no acceptable failure rate). The implica-
tions cve to throw much more emphasis on the unusually high loads and the
unusually low strengths, which in turn demands that the statistical repre-
sentations match the appropriate tails of the distributions rather than the

regions near the mode.

In practice, there is no strict logic behind the assumption that all members
of a sample set of observations belong to a single family, unless it can be
verified that only one independent parameter is involved, and this is seldom
if ever possible, Furthermore, the information necessary to divide the deta
into its component families will not generally be available. Empirical
methods provide a means by which the essantial analysis can be performed:
the aim is simply to provide a mathematical model of the population which

is adequate in the region of most importance.
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Al.3

Al.4

Al.5

The use of double-family distributions is not new; power-spectral

analyses have hobitually employed such methods, and the reprasenta-

tion of {oads and strength data by two Gaussion distributions is dese

cribed in reference i0.The suggestion that the maneuver louds spectrum

may contain membe:c of two distributions is also mentioned in reference 11.
This appendix expands the approach on a more formal basis and suggests
methods by which an acceptable empirical distribution may be derived.

No attempt need be made to ascertain the reasons why two families (or

more) are involved.

The examples are based on the use of the first asymptotic theory of extremes
(Gumbel distribution, see references 12, 13, ond 14) but the principles

are applicable to any basic uistribution. Gumbel's equations are simple
and permit the easy formation of the required quantities within a computer

program.

Let the basic distribution be such that the probability of o value less than

X is P, where P is a function of X, of the mean ()‘2) and the standard
deviation (S) together with appropriate constants. In ordsr to determine

the values of the constants, one viable technique is tc i nsform the prob-
abilities (P) into a new variable, Y, by means of a transcendental equation
which results in a linear relationship between Y and X, A least squares

best fit can then be used to match the fitted line to the transformed observed
probabilities, The pattern of the deviations is then used as a guide to the
choice of parameters for the two families used to achieve the desired repre-

sentation.
In the case of the Gumbel distribution, the basic equation is:

¢ = axp (-_e;f.p (<Y)) Al-1

where: Y=AXZ +8 Al-2
A= w/ie =1,28255and B =0,57722
and the transcendental equation is

Y = -loge (-loge P)) ' Ai-3

A serias of N observations (see Table XXXI} is arrarnged in ascending order

of X, each term being cllotted a rank, m, which ranges from 1 for the
lowest to N for the highest. To avoid the mathematical dilemma associated
with a probubility of one, the actual observed probabilities (-nr:-I) are replaced
arbitrarily by m /N+1 in the usual manner. These values of m /N+i are

transformed to abserved values of ¥, using equation Al1-3 and plotted against
&4




3
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TABLE XXXl
DATA FOR DOUBLE-FAMILY EXAMPLE

m

X m N+ Y
240 ] L0417 -1.16
241 2 0833 _.91
243 3 1250 _.73
243 4 1667 -.53
244 5 2083 -.45
245 6 2500 .33
245 7 2917 .21
247 8 13333 .09
248 9 3750 02
248 10 4167 13
252 N 4583 .25
252 12 5000 37
253 13 5417 49
256 14 5833 62
256 15 6250 76
258 17 7083 1.07
259 18 7500 1.25
260 19 7917 1.45
261 20 8333 1.70
264 2 | 8750 2.01
266 22 | .97 2.44
275 23 =rw] 9583 3.16

X = 252.7

S =8.80

V= 5/, =0.0348
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as shown in figure 83. The best straight line can then be determined

by an appropriate least squares error method (reference 32 describes a suitable
technique which minimizes both the x- and y- errors). It will be realized
that plotting the transformed probabilities on linear paper is simply equiva-
lent to plotting the real probabilities on the appropriate probability paper,
and for illustrative purposes, figure 84 shows the same data on normal

probability paper.

It will be noticed that the observations deviate from the fitted line in an
ordered, rather than a random manner, which suggests that the assumed
distribution is not valid. Now experience ..dicates that each of the single
basic distributions plots as a line with single curvature (or of course, as a
straight line); i7 is also apparent that the data follow a reflex curve with

a point of contraflexure. The usual argumerits as to the importance of the
single highest observation will apply, of course, and if so desired, this point
may be omitted from the best fit process. Even when this is done, the

reflex-curve pattern remains.

Now let the assumption be made that the data comprise reprasentatives of

two families. Let these have means and standerd deviations ?‘A' )?B’ SA
and SB respectively. Also, let RB of the total population be contained in
family B, so that family A contains (I-RB) of the total. The resultant

probability of a value less than X can now be exprassed us

PT = (]-RB) PA + RB PB Al-4
where P, = exp (-exp (=Y ) '
and Pp = exp (-axp (Y})) Al-5

represent the independent probabilities of o value less than X in the separate

distributions, where

x -XA
= +
Yp=A : B
A
Yy = A X = Xp + B Al-6
8

The transcendental equation to derive the tran.formed probability, YT' is
thei
Yy - -loge (-loge (P})) Al-?
66
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Figures 85 through 90 show the implied distributions in conventional

form.

It is convenient to use the standard coefficients A and B for both distri-
butions, rather than to vary these; no significant degradation should occur
in practice, although it would be more correct to vary the coefficients

according to the amounts of data allotted to the two separate distributions.

The l::amaining problem is to determine the five basic parameters -SZA' SA'
RB’ XB and SB' Automated trial and error methods are feasible, but
simpler methods can be devised which are genzrally satisfactory. These
depend on appropriate assumptions as to the location of the mean of the
B-family and the nature of ‘he overlop. The observed data are alloted

to suitable intervals and simple rules formulated for allocating the entire
contents of a band to family B at the upper end of the range, allocating
the entire contents to family A at the lower end of the range, and for
arbiirary division between the families for o few bonds close to the assumed
-)-(-B' Lockheed-Georgia Company has a progiam of this type which generally
provides good results, or which serve as a starting point for a limited im-
provement by trial and error. Once the observations are allotted to the
two families, each con be fitted by its best straight line and the compound
distribution can be generated from equations Al-5 ond Al-4,

Figures 91 through 93 show a worked example, using the data of
Table XX XI. The improved fit to the observations will be seen.

The foregoing discussion relates to the case where the distribution ‘s skewed

to the upper lavel of X, For the opposite skewness, the simplest way of
hendling the Gumbel equations is to change the sign of X in the computations
(the derivation of a minimum value of +X is equivalent to the derivation of a

maximum value of -X).

It is also interesting to note that some observed distributions can be better

fitted by a compound aistribution obtained by subtracting family B from

family A, Such an approach may have validity in strength estimation, a

possible physical explanation being that the total population consists of

several overlopping distributions whose sum is close to « single-family dis-

tribution; quality control processes then remove one particular sub-family.
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Whatever the explanation, the results, inosmuch as they provide a good
ey , g

empirical curve-fit can be held to be os justified as the common ossumption
thot the populotion is describeble by a single Gaussian distribution.  An
example of this negative second family approach is shown in Figures 94
and 95,

For refersnce purposes, Tables XXXl and XXXUlcantain values of the
transformed variable, Y, corresponding to various volues of the probability

of a lesser value (F) and of a greater vaiue (P).
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APPENDIX i

BASIC EQUATIONS OF MODIFIED COMPUTER PROGRAM

Introduction

A description of the program used for the present study is given in Appendix |1
ond examples are shown in Appendix 1V. Two reasons exist for the use of a
progrom different from that in reference 1. The study necessitated gaining a
full understanding of the practical implications of each step in the procedure,
and the program of reference ) possesses certain shortcomings in the extent to
which the intermediate results ore presented. The second reason was a dasire to
determine the degree to which a given company could utilize statistical pro-
grams olready developed; the Lockheed~Geargio Company had an operational
peogram for applying Gumbel distributions in both single and double-family
form (references 13 and 14), and the incorporation of these woas thaught
desircble. Combining these reasons, it wos evidantly easior to write a new
progrom than to odd to the original program of reference |, although the latter

wos used g3 o basis.

Loads Spectrum
o, Twa alternative methods are provided for the definition of the load. proba-
bility; the requited torm is in teems of the probobility of o load exceeding

x,, where x, is o bond-adge.
3 t

b, Anglysis of operational dota, by the theory of extromes, crovides o
witoble doto bose using o minimum of information, if each observation is
the moximum load in a given recu ding period (prefevobly o constont
peried, wch as 1000 hours), then the distribution of such extremes is
vipected to follow an expanential law of which Gumbel's equation is ane
exomple. Reference 12 contoing o full descripion of the theory. Thiy
distribution of moximum extremes is typicolly skewed with the tail towerds
tigher volues, and its use in the present context is suggested in reference 1

emong other sources.




Now the resulting distrivution defines the probability (px ) that the
L,

[
maximum load exp. ‘ted to occur per 1000 hours (or whatever peried is used)

is between X, and xi+dx, in other words, P, is the probability that any
L.

{
load level up to (Xi + %dx) will occur. The resultant probability (Px )

{
of each load (xi) is then given by:

i
PXL - z B A2-1
PN

as shown in figure 96.
The distribution Py is defined in terms of the five basic parameters of the

t
double-family distribution as described in Appendix |. The cumulative

probability of o value less than X, is

Px‘ = exp(»exp(—yA)) - (1 - RB) + exp(—exp(-ya) . RB A2-2
X, = ;A
whero ¥ ¢ 1128255 ~——te+ 0.57722
*A
_ A2-3
X, = xﬁ
and vg = 1.28255 ———=+ 0.57722
8

when written in terms of the means ana stondard deviations of the two

fomiligs, wvhere, if the coofficients of variation are defined:

W %A VA

5 ¥ Vs

A2-4

If the intercepts and slopes of the best-fit straight lines on Gumbel poper are

known, equations A2-3 can be rewritten os
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MAXIMUM LOAD ENCOUNTERED
P
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i
d
A ; |
Xy X, X
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/
FIGURE  96. LOAD SPECTRUM USING DISTRIBUTION OF EXTREMES
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A2.3

, - i intA
A s
A A2-5
) xi N xinfB
14 5
where xintA =X, " 0.57722 SA
xintB = XB - 0.,57722 BB
A2-6
ond BA=SA/1.28255=xA . vA/l.28255

Bg = SB/I .28255 = Xg

. vB/l .28255

The cunwlative probability (Px ) of a value less than (xi+dx) is similorly
i+

calculated, and the required probability (px ) of a value in the band

L.

i
X X, +dx is found from the difference of the two cumulative nrobabilities.

Sfren&th D ish‘ibutiog

a. Material Strength:

The basic properties of the material strength distribution are again input in
the form described in Appendix |, but the theory of minimum exivemes is
employed, which implies a distribution with the tail towards lower strengths;
this was faund to be representative of actual date sumples examined (zee
Appendix V) and emphasizes the importance of the exceptionally weaok

specimens,

The cumulative probability of a value greater thon (xi + %dx) is

Pxi-t = GXP(~exP(-yA)) (1 -RB) + axy(-exp(-ya)) . RB A2.7
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where y, = 1.26255| -8 +0.57722 )
A
A2.8
;B -x, - -]Z—dx
yg = 1.28255 : +0.57722
*8

The cumulative probability (Px ) of ¢ value greater thon (xi - %dx) is
. ]
similorly defined, ond the required probability (px } of o value in the
5.
i

| . .
band X, £ %5 dx is calculated as the difference betwaen the two cumulative
probabilitizs. When the whoie distribution is defined, its overall mean
(x } and coefficien: of variation (\e5 = '\"/;s) con be found by summation of

5 Y

first and second moments in the usual way.

Fabrication Variation:

The available materia! strength dota obove may need modification to
recognize o secondary variation due to folwicotion or ossembly processes.
This variotion is treated os if it were o dofinition of the distritation of fee
maon strongth of the moteriel. Let Lx be the probobility of o mess strongth

. . ‘ 1 L
in the interval &, #5 dx, whore the eguations for ‘Ll i e porotle o thote
| S Ll .

- ' I
in the revicus parogroph, The basic moteriel dutribution shape s opplied

) 1
to the froction of the Yotel populotion whizh hos its mean ot 2, {the » 5 dn
i

range s ignored and the sample ostumed to cccwur ot « §.
i

The two families cre scoled w thot this fraction of the total pogulation

formad from distributions with necos of

- -

N W i
i ®
s

’ A2.9

X,

X "Ry o J
N X
s

k40 ]




ond with the originci coefficlients of variation, v, ond v/ giving stondard

A
deviations of

A2.10

The double fomily distribution resulting from these values is muitiplied by
the probability of its accurrence, nomely Lx , thus yielding the coniribution,
i 1
bp, 10 the total probability of o strength ! X t3 dx.
i
Summation of coatributions due to all of the mean strength voives gives the

vasultont sirength distribution,

N
e ‘—’}_‘(&px) AZ. 1
' il ‘;;’fx:

i

and symamation of the first and second moments enables the overol! mean

stength and coelfizient of woriotion o be found.

If the secondary aHiact ot the folwicution is not needed, this step is simply
omitted.

Where the sirangth distribution is only required os a means of determining the
chorezteristic shape, ond not the obsolute streagth level, the units used
may be chosen independent!, of the units used for defining the loads. The

necesscry waling v parformed in loter sieps.

A2.4  lntended Strenpth

Q.

The telected wnfoctored design lood, which moy be eithw o limit condition
o on omega condition, is vsed 63 o basis for determtining the intended
strength to rowit rom the struchwol sizing procedure. The design foctor
of safety, £S5, is First opoli «d to give the foctored design locd:
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FACLD =FS x UNFLD A2.12

end any design margin of safety then incorporated in the estimation of the

(Factored) de<ign load for the present case

PDSNLD = FACLD (1 + MS) A2.13

At this point, it is necassary to consider the influence of canditions pre-
viously examined, for the case being cuirently analyzed may not be

Jesign cose.

if the previously critical design load, DSNLD, is greater than the present
value, POSNLD the former is uzed in all subsequent steps, If the new
voive, PDSNLD, exceeds the previous value, it repiaces DSNLD. '

the strength levels implied by other structural constraints such as stiffnass or
fatigue, ore incorparated in the sowme woy, on appropriote value of DSNLD

baing input.

. Onace the gritical design leod, DINLD, is estoblished. it isrelated to the
design cllowoble strength, exprasied o3 Se::&%'. o number of slondard devigtions
below the intenued meon strength I the conventional ‘A’ volue it being
used, this will be roughly 2.33 {Usseming the streagth distribution is normalj.

iy therefore follows that

DSNLL - AMSTR {1 -3 |+ V) A4

wheeo AMSIR is the intonded mann sh’eﬂg?h
V¢ is the coe:"ffciien! ol variation of the strength distribution,
Honce
A A2.13

AMSTR = DSNED(1 - S
ot

which defings the intended meon streagth of the rotal production run of the

port being onolyzed.
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New the equations of section A2.3 define the distribution of a population
whose mean is at ;s‘ The octucl mean is intended to be at AMSIR, ond
the intended distribution of strength of the individuals in the preduction

— -

run is obtained by repeatin: these steps with X and Xg values replaced by

“A

ond ;ZB . AMSTR/Q5

. AMSIR/R’S

respecively,

A2.5 Intended Reliability

Q.

With the strength disiribution rewiting from the previous paragraph, the
peobobility that the strength lies in the intervel x ¢ %dx is knawn as P, R
A structure having this strength will fail if the load exceeds X %
{this i< not stirictly true, ad it will not fail ot loed X, if the strangth is in
the upper half of the intervol; however, this necass&y appeoximation infro-
duces nogligible evrors if the interval size, dx, is not 1o lorge). The
peobobility thot the lood exceeds %, is okeady known to be PKL . hence the

]

 probolility of faiture, whith regeesants the stnultoneous occursnce of these

two events, is
St e st .

W osp P - ARS

e « N\ gp A2.17

and the relisbility is the complement of this, nomely

. A2
R=1 PF A2 18

Cne simplificotion con be mode for computation: 1T the strength disteibution
is summed to give the prebobility, PR , thot the strength iy less thon x,:
}

$.
|
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i
PR - 2 Py
S5 S
P i

then up to the highest load level for which Px = 1.0, the failure proba-

"
bility can be expressed in one step as

and integrction can be started at this level.

The significance of the 6PF values and of the cumulative integration of PF
cre of some interest. The distribution of BPF indicates the density distri-
bution of the risk of failure and can show whether a greater gain in reliability
could be achieved by operational restrictions or by deliberately modifyirg
the sirength distribution. A peak at low x-values indicates that the very
weak specimens ("certain® to fail because of the high probability of the

load) contribute most of the total risk. A peak at high x-values indicates
that the rare high loads ace the major cause of the total risk, in the

former case, little gain would iesuit from elimination of high load levels,

but in tha latter case the benefits would te greater.

A2,6 Probable Dicrepency

a.

The probability that a discrepancy may exist between the intended strength
and the actual strengt: of the design is next incorporated. Algebraically,
this is performed by means of an ussumed disiribution of achieved mean
strength, P, - The program of Appendix Il contains four alternative

.

i
functions suitable for this purpose.

Beuton/Jablecki Function:

Reference 1 describes the equation used to represent the test data accumu-

lated by Jablecki from tests performed during the 1940 decade (reference
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3). The equation represents a linear variation of the cumulative proba-
bility of failure with the ratio of achieved load to intended ultimate
strength, both being plotted on logarithmic paper. The program of reference
1 locotes the upper end of the line at a point with a cumulative probebility
of 1.0 when the load ratio is 1.185, and in the "standard" case, locates

the lower end at 0.01 probability when the load ratio is 0.333. Other
levels are defined by varying the probability of failure at this same load
level of 0.333 (figure 97).

The present program retains the same general function, but permits the
input of any two points on the straight line. The maximum cumulative
probability is fruncated at 1.0, The resulting equation is then used to
generate the probability than the mean strength lies in each of the

. 1 .
intervals X &5 dx. The equations used are as follows:

Let PF] be the given probability of failure belew load PPU‘
and PF, be the given probability of failure below load PPU2

2
then the general probobility of failure, PF, below load PPU is
- given by
10910 PPQ - loglo PPU‘ i -l_c-)g‘o PF - !oglo PF] o2l
log]OPPU2:Tog]OPPU‘ Iog]OPFQ-TEg]OPF]
whence Ioglo PF =RI log‘o PPL - IogIOA A2.22
log,~ PF, = log, . PF
where LI A2.23
910" 2790
log, PF log,  PPU, - log, o PF, log, o PPU,
and logq A = Tog, P, = Tog, . PF
Mo M2 0™
loglo PF2 (oglo PPU] - |ogw PF] Icsg‘0 PPU2
log, ~ PF, - log,, PF
or A=10 o2 TR A2.24
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_ PPU
hence iog.‘0 PF = loglO (7\_)
Ri
_(PPY
or PF = (T) A2.25

The fraction of the total mean strength distribution lying in the interval
X, & % dx is then found from the difference of the cumulative probabilities
' ! 1
X = =dx x t =dx
at the two band edges, substituting 5SNID and BSNID- i fure for PPU
in equation A2.25 with A and Rl determined from equations A2.24 and

A2.23, respectively. The resulting differences give the required values of
Ps for each interval.
M,

Freudenthal Function:

The expression used is a general form of the equation on figure 3 of
reference 4:

ppy R

Ps = exp (- =) A2.26

where PS is the probability of exceeding a mean strength/design strength
)

ratio, PPU. The corresponding probability of aMower value is

Rl
PE=1-exp (-E%L-J-) A2,27

As with the Jablecki function, the present program enables the constants to

be derived from two known values of PF and PPU. At the two given points,
Py \\!

PF‘ =1 - exp *—X—->
RI

PPU,,
PF, =1 -exp "‘K“")

A2.28

whence




PPU, Ri
K T lee (-

PPU, Ri
-*f'A'-‘- = - |Oge (] - PF2>

or
Ri(log, » PPU, - log, . A) = lag, ~(~log (1 - PF.))
10 1 10 10 e 1 A2.99
CRU - = - -
Rl,longPUZ lleOA) logm( loge(l PF2))
Solving for Rl yields
i iogm(-ioge(l - PFJ) - Ioglo(-loge(l —PF‘))
Ri= o PPU_ ~Tog, PPU AZ.30
%10 T2 T %0 T
and subst uting for A givey
_ . 1R :
A= PPU,/(~log (1 - PF )) A2.31

The particular system routine for celeulating logarithms prevents zero o

unity being chosen os input values of PF or PPY.

The procedura for evaluating the values of Pg 13 identical to that

previowly described., M

Gumbal Function:

The process is essentiolly the some us the above, but the Gumbel distribu~
tion function of minimum extremes is vsed to Fit o fine Hvough the twe
input points which ore defircJ as before. At tho hwo given points, the

probubilities of lower values are

PE, = 1 - oxp(~exp(-y,))
PE .~ ! - exp('ﬂxP(“Yg?)

where
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A2-33

where A =1.28255
8 =0.57/22
PPU is the mean of the implied distribution ond § is the stondard

deviation.
PPU, -FP0
Now A, =A «——m—— -8 = log {~log (I - PF,))
} S e e j A2.34
PPU2 - FPU
and A2 = A 3 -B= loge(“logﬁ(i - Pf“?‘))
whanca
(A‘ ¥ B)PPU2 - (Az_* B}PPU‘
PPy = - A2.35
A, A,
] p,
and
Al + 8
S I Y A?.(;:Bé

APPU, - PR

fhé calcubation of the distribution of meon strengths, g is then as
follows: Mi

The probability of o vaiue greater than xi--' % dx will be

PR‘ = exp(—axp(*y‘)) A2.37

i,
‘ . 1.28255 HTaey
where  y, @ =% (FFB - -griE J* 057702

and the probability of o volue greoter than x, * % dn will be

PR2 = exp(-exp(-*yz)) A2.38
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so that the required population in the interval X, & % dx is

e. Double-Fomily Gumbel Distribution:

The fourit error function permits the use of the more genero! double-
family distwibution defined by the means of the two families, the standard
devintions {these ore assumed equal in this application, so that the number
of input parometarssamains at four, os with the ~ther error functions), and
the froctions ¢f the total distribution allotted to esch family (the fraction

belonging o the lower strength family is actuclly input).

The equations for the distribution are similar to those described in Section

A2.3, bur with the probobility (px ) veplaced by the wobability (pS ) of
' . M,

$
t ¢

sach mean sirangth,

A2.7 Proboble Strenath, with Riscreponcy

a. The distributicn of mean strengths, P which defines the assumed erroe
M)
1

function, it combrined with the basic individuo! strength distribution, CI

s,
4

to give the wolwisle individual sirength distribution in the presance of the
ervor, T yynihadis peocess is identicol to that describad in section A2.3.b
for the incorparntion of the fobricotion variotion. The new distribution,

P, reploces the previous disivibution, end its cumulative version, PR '
s, S,

13 t
is formed 10 reploce the previous volues of PR
S.

t




Pis

s

b. The probability distribution of failure, 6PF , and the cumulative probability
i

g are re~estimated, following the procedure of Section A2.5,
i

enabling the reliability to be estimated for the revised state of knowledge

of failure, P

(with probable discrepancy, but before testing).

A2.8 Incorporation of Results of First Test

a. The next set of updates can either predict the effects if certain test results
are assumed to occur, or can be usad to revise the estimates after actual test
results have been obtained. Before this step is performed, it is useful to
predict the chance that the first test load will be survived. The first test

load, Xr s is defined as the unfactored load, UNFLD, multiplied by the
1

dasired test factor, TF‘ . Now, the cumulative probability that the strength

is less than x, 1 wefined as P, .
i RS

!
Hence, the probability that the strongth of the first test specimen will
exceed the test load is

P. =1- PR A2-40

1
X, --fz-dx*Cx? % X *~2«dx A2-41}

wheee

le = UNFLD - Tf" A2-42

ond PS is then the required probobility of surviving the first test,
1
1

The probability of o second specimen swwviving o test to o load given by

xT., = UNFLD - TF2 A2-43

L
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is similarly calculated to be

Po =1-P A2-44

where

X, —-]2~dx<xT < X, +]§dx A2-45
12 2 b

so that the probability of surviving both tests is

P, =P - P A-46

and the same process is repeated for the required number of independent

tests (of different specimens).

P, =P - P - P N A2-47

b. Three different types of testing can be selected. The first procedure consists
of performing NT tests, each surviving the same load level. The second
consists of a series of tests to failure, each of the NT tests being to g dif-

ferent load, XT . The third possibility is a series of NT survival tests,
N
ecch test surviving o differont load level, Xy « Theimplica’ have
' N

been discussad in Section 1X, and this Appendix will simply give the equa-
Hons. Bayes' theorem is used to modify the disttibution of mean strengths
in o monner which reflects the test results (assumad or actual). Reference

15 containg o useful example of this particular applicotion.

<. NT tasts sutviving the same load, XT:

The prior {before test) distribution of mean strangth is already known to be
Py The posterior distribution is
M

i
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o - 1 X=X;
] SM. z PS
i X _
X=X,

1

where (PS );<_=x is the probability of surviving the test load, XT' when the
x .
T

strength distribution has its mean at X, + %dx, Ps is the probability that
M

: 1 L
the mean is at X, 5 dx, and the denominator is a normalizing factor to

ensure that the total posterior probability of all mean strengths remains at

unity. The values of PS are calculated from the dispersion properties of
T

the basic strength distribution with the actual values scaled to give a mean

at xi.

If NT is greater than one, the process is repeated, later, but with the pos-
terior distribution of the previous iteration used as the prior distribution for

the subsequent iteration.

It should be noted that the resultant effects of this test procedure are identi-
cal to those used in reference 1, Equation A2-48 reduces to the following

form if the denominator is assumed to be unity:

Pe =P
NTs;M. < Sx >
i T

NT Tests, Each Failing at Load Xy ¢

I
A similar process is employed, but the probobility of srviving the Yest load
is replaced by the probability that the strength lies in the interval con-
taining the test load, Mance, tho posterior distribution of mean Ml w,

after the first test, is




<ps"T )— | pSM;

X=X+

WPs T 5 — 5 A2-50
S SM
/- i
X-Xi

M,
.d so on. The dependence on the interve! width is evident.

e. NT Tests, Each Surviving Load X

|
The procedure is similor to the first procedure (poragroph c) but o different

L) is used for each posterior condition.

f. Whichever test process is employed, the revised estimate of the distribution
of mean strengths is agoin used to revise the distribution of individual
strengths, enabling g new definition of Py This is used in hwn 1o re-

X, '

o !

evaluote the failure probabilities and the reliobility, following the steps

described in A2.5.

AZ.9 Incorporation of Subsequent Tests

a. Aftee inclusion of the first test resuir, o revised eshimate con be mads of
the chance of srviving the second ond further kesls.  The equations sy -

equivalent to those in Section A2.8,0.

b, The meens of revising the probeble distribution (ps ) of mean srengths
' M

]

T
has been described in the previus wection. The apmotriote posierion

distribution leods to on updated distribution (p5 } of individuol strangths,

X,
1

cnd 1 10 o revised estimate of the foliwe tisk ond of the roliobility,
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APPENDIX il
COMPUTER PROGRAM USED IN STUDY

A3.1 Introduction

The program used in the study wes bosed on the STTREL program of
reference 1. The modifications desired made o new progrom easier to
write  than their incorporation into the existing program. These
modificotions comprised:

a) step-by-step computation and print-out of the various stages
of the total procedure

b) a constent caleulation interval to clarify interpretation

c) the focility for wperimposing o fabrication variction on to
the bosic materiol steength disteibution

d) a wider voriaty of arror functions

e} the fociity for ossessing foilure tesh ond survival tests to

different tost lavels
£} the use of double-family Gumbel distriliytions throughout, except
 thot lood pec trum ordinates can be input in ploce of this dis-
teibytion.

AJ.2  Semmare of Pragrom

o) Tha system comprises o moin program (STPRY, aight sbroutines,
ene function ond o dote block wheprogrem. A tlow chort of
the main progrom oppects in tigure 985, A bslel dewrtiption
of the moin piogrom end of evch of the wbrautines fallows in
conjunction with listings of the wurce decks. The lagic enployed
wes as simple gy postible, in the interasts of clarity end no ottpagt

was mode o minimize ryn times,

The progrom is weithen uting FORTRAN V ior the UNIVAC 1106
Computer with the EXEC-8 cporating system. & CALCOMP plot
option is avoilable cnd requites cne magnetic tape when ysed.
Whea the plor pi.on is not wel, the only periphoroels requited
ore the cord reader and printer.
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SET STANDARD DATA

|

READ CASE
r——NCASE <0 NCASE > o~——]
SET NP« 0 SET NP=©
(QUTPUT DEVICE 10) (OUTPUTDE VICE &)

CLE

READ CASE DATA DECRD

RESET DATA

i e R | .
- WML L3 CA\L=3 '~—-—]
READ LOAD SPECTRUM
DECRO
!_ ——d
WETE £APTION
|

. DX <0 DX >0 »——————]
SET (PO SEY [Pl
QESET DXeve , !
L .

{a) INPUT ANP TATA PORMATION STAGE

FIGURE 9§, FLOW CHART OF MAIN PROGRAM
14




‘"‘KML <3
FORM LOAD SPECTRUM

!

FORM BASIC STRENGTH DISTRIBUTION  [EVP [GEV |

r— EVARAO FVARA>O

SUPERIMPOSE FABRICATION
VARIATION {89TR Isvb]seq

|

FORM INTENDED MEAN STRENGTH

(=K 5=D -~ KS>0

EQRM INTENDED
STRENGTH METRIBUTION

[str Jeveloev]

FORM INYENDED
FAILURE D1STRIBUTION

"k‘T&Et j

L

) §:X Yo

WRITE ouTour TABLE

(— [PLOT»D -—{

IADT

|

PLOT RESATS | ﬁ'ﬁm
]

{b) INTENDED ATRENGTH STAGE

FIGURE $3. FLOW CHART OF MAIM PROGRAM {(CONTINUEDT
pL




KE=O

' ! I |

KE={ KE=2 KE=3 KE=4

| | | |

JABLECKI FREUDENTHAL GUMBEL  DOUBLE ~FAMILY
ERROR ERROR ERROR ERROR
FUNCTION FUNCTION FUNCTION  FUNCTION

| . |

UPDATE MEAN STRENGTH DISTRIBUTION | DISCR

URDATE STRENGTH DISTRIBUTION ISTR|EVP|GEV

UPDATE FAILURE DISTRIBUTION |PROBF

| |

IP=C 1P$0O

WRITE SUMMARY WRITE OUTPUT TABLE

(«IPLOT=0 ———-L——IPLOT- 1

PLOT RESULTS | SUBPLOT

(c)

FIGURE 98, FLOW CHART OF MAIN PROGRAM (CONTINUED)

PROBABLE DISCREPANCY STAGE
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KT‘=O 21 KT>1
] ¥
NOT LAST NOT LAST
LAST TEST TEST LAST TEST TeS!
SERIES SERelES
(RECYCLD)
jm——= LAST TEST ——d
NOT FORM PROB. OF SURVIVING
LAST TEST TESTS [TesT1 -
FORQ PROB.GF SURVIVING 1
TESTS TEST KT=2 KT=Z
UPDATE MEAN STREHGTH UPDATE MEAN UPDATE MEAN

DISTRIB. AFTER
SURVIVAL TEST

BAYES

UPDATE STRENGTH DISTRIB.
STRIEVP |GEV

UPDATE FAILURE DISTRIB.
PROBF

|

OUTPUT
SEQUENCE

i

STRENGTH AFTER
FAILURE TEST

BAYES

L

STRENGTH AFTER
SURNIVAL TEST

BAYES

B

UPDATE STRENGTH DISTRIB.

STR |EVP|GEV

UPDATE FAILURE DISTRIB.

(d) TEST RESULT INCORPORATION

FIGURE 98,

102

PROBF

ouTPUT
SEQUENCE

®
:

FLOW CHART OF MAIN PROGRAM (CONCLUDED)

Siman R T T




i

paqutad syoo1q ITV t

pajurtad jou 3nq

‘pegemoTed santea ,LouedalosTp ou, = g :uoTad0 jutad 1 SyH #1
*QINSA 9UTJOp ©3 ST 9SEO MAU UIUM O 4
J93U2-9Y  onTeBA J3YITY SpTaTL 9Sed juasaad JT pojepdn m
3q ITTM -pourgop Arsnotasad Jt peol udIsep paaogoeyd ‘0 aInsd <1
*peoY uldrsep Ut pepniour L3ases Jo urdarw uIrsag 0 SH ¢t
*u3fuadags ueadawWw MOTaq !
SUOT3BTASD °D3s TIVS ©F PIUDjEW ST PROT USSP paacided 9z2¢°2 _ TIVS 11
9Ja0J3q S® - gHAST 3
suIT Jo sadors ade gUVAT “‘vVuHvAl
saTiTWwey oMg dyj SUTUTISP
SAUTT *4S 9S3q OTJSTIIZORIEYD 0 VAT o1
Jo sgdeodequy ad® QUVHT “VEYET 2 = TWH
unagdeds -og quval 6
(eATqES2Uu 8q Lem) peot
ATTWeJ PuOCSS UT UOF30BIFI = GHAST ‘o EHOST 3
SpeoT °*XBW JO SITTTWERS
JO ssdueTaea ade GUVAT ‘vyval G0° veval L
SpeOT ‘¥Xem JO
SOTTIWES JO SUBdW oJde gyvel ‘vuvel T = THIY ‘08 vavgal S
{ poaoudr
0I~g S3UIWITI) SIJBUTPIO
wnagoads *wno ST gndur = §
s3iLTWEY JO
sado1s % sgdeoasqzur 7 gudut = 2
S9TTTWRy OK] JO
§302UBTJIRA pu® sueduw ST guduy = [ :uoTgdo unazoads prog 1 TR [
*pajutad ST
DUTT AJX9A9 ‘3AT3ed3u JTI  ‘STEAJ9qUT JO °*ON DojjgIuasd ‘002 gxy f
(es®o
UoEd J0J 4NndUT o4 49nm Xq aaypieden} *pogaTuc Sae
s874e3 gndgno ‘sapqedeu JI  *TBAJIS3UT UOTZEBINOTED "G Xad €
TTINn o3 potrdde £38385 Jo 103983 ufrssq g 1 sd 4
{ 4 YDEHO,
X0 L 3TWFL, J9UITS 3q fzw) peoy pagojoryun udrsaq 001 a1ann 1
SHLON INIVA INYN ‘ON
*ais INIWFIS

s

1Si7 INdNI ¥d1S

AIXXX 378Vl

st SR

TR T 1o ) ..

SRR e e

sy

(ot B e ¢ e

e

PR A S o s
B L i,

e At
&

oD e

Sy

103




T T L i 7
H ATTwey pUOOIS JO uedwm = 2Ndd i
: {aaT3e32u 2q . - S
] few) ATTwWeJ PUCLSs UT UOTIdBAF = z4d ) ' .
[ SATTTWES U30Q JO 20uetdes = Ifidd . - : : : ,

! ( *a3s udysop/ a3s o

; possTyoe) A(IWEJ uyew Jo uesm = [4d ‘H = THY _ T : *
' NoOILONAd "t ERTE P 149 !
m.ucmawﬁm fue J0J POMOITT jou p°f Pue 0397 - FiIOH) EOHHA ] . o
| €7 2ad ! 62
*yjzBuaags uldisap X g2ndd uveul i
ssoT ysdusdays usym samitey Jo -gqoad ‘wmo ST zad o : Inéd . G2
‘qaBusags udrssp X INdd uBy3 SSIT y33usags usym . h
sanyTey Jo *qoad wmo ST I4d ¢ X0 g ‘1 = TH "1 idd i i2
UOTHNGTIZSTIP 19quny LTTwej-oMy = f
squrod oM3 2® PIJITI UOTFOUNI Taqumd = ¢ 43I0k
sjurod om3 je P933TJ UCTIOUNJ TEUIUSPNSIL = 2 ROILONOL ! m
S3uTd OMg 3B PO33TJ uoT4IUMy THOITAEL = [ youyd
(MoTaq 93S) POJDIPTSUCD JOJIIB ON = O 4 EAY %2
*uoT3eoTITPOU % . TEYA4 g2
4NOY3TM PIsnN ST UCT3TUTISD U3dudass
TeTasgemw dUyj PUE pIjz3IWo ST I933B08 ‘601 CEEEL 2
UOT3EOTIqRI JY3 *0ad2Z ST VuVAd JI S HLON WN¥IL034S
HILLYOS (o4 grnssa i2 ]
(oaT3eFSU  NOILYOI¥EVA < g
oq Aew) ATTWEY PuODSS UT UOT3ORBAJ = dNllSd ‘0 | YRR 22 )
SOTTTWEJ 9y3 JO SooueTJIeA OIE GHVAJ ‘VUVAL i _

$STTIWRF OM3 JO sSuesw oJe gyvdgd ‘vuvdd "0t v TEVES ic . i

aJ0J9q SE ~ HWASS ]
SOUIT Jo S$3doTls aa® gUVAS ‘VHVAS * k

saTrYme] i { G0 THYAS : o2
! ay3 JUTUTJep SIUTL °3S 3599 OT3SY | '
=JI9408JBYD JO S3d90493UT S48 gyVES ‘YHVES 1z = SHM *051 gEYES 41
: WOHL03dS ¥ , .
w (@2aT3eF0u 2q Lem) HIONTHLS /7 0 THASS 87
X £7TweJ puUODDS UT U0TJoBIJ = FHASS TYVIHALVH 4
i seTyiTmEJ c0° VHVAS it
| OM3 JO S9OUBTJIBA da®B gYVAS ‘VHVZS
; SITTTWRI OM3 3O Suedw °2a4® guUVds ‘VHV.S 1 = SKMY ﬁ “0G1 vavas [ 4
SoFTTWRY OMq JO sadois
% sjdaoasguy st gndut = 2
S9T(TWEy om] Jo
S9OUBTJEA F SueRawm ST 4nduy = [ :uoT3do UY3zBusdgs [BTISIZTENW 1 SHYH [41
3 E0TYA = “ou
saioN ~q1s L IxEWETE

(penuijuoD) AIXXX 318V1




paginbaa 83013 = 0°1 . )
3078 off = g0 :10353IH 36id . 070 34y - Gnl
: 8 (58i3u2 651
‘XA £q Buyseazou} puE NIKX 3B FT3Ie3s ‘Y ;
SuTpuadTE JO J3PJIO UT ‘SIJTUTPIO Wna3o9ds pEoT 9§ 03 42
X L3 N § #§ 51 R
SINICO JFBUTPIC wnagoade peol 3SIATI YOTHM 3T IniBa~y
(0°¢ = TWHY JF 3nduy ATuo oa® 6¢1 ySnoam3 ¢y IUIWITR ! ‘e ' KIRA 4
o : {51he zn
{ ,IHH, T s$@30u 99¢) SI0308F 3593 jJUIn. _H»50H i .
' _ T
3 ¢ M {21 £
TIANO 03 poTTdde ‘Jo30Ey 3§93 3SJi4 $°1 i {1 €
‘poIdPISUCD ” _
axe ‘peot woded 03 1 ‘€353 INY ‘C = IM¥ 31 0¥3Z : ’
- poaapysuod a8 A¥H ‘ !
age ‘peOY YOED 03 | ‘99893 INY¥ ‘2 = IMM JI  Ot= "i¥H) | :
“paaopis :SIERL i i
~Uod BaT PEOT YOBR 03 $4593 INH ‘1 = I¥¥ JI 40 o4 ‘1 | ixd i1
. PEOT 3833 BUTATAINS $359] = ¢ i
Ud®S 3893 1 peor 3894 3T saANITRI 393L = 2 PBdAd
PEOT 3893 Bulajamms s3€3L = 1 IS2L
83593 O = O 1 73 %
SALON ENTYA VR o4
‘azs SNEATIZ

{Poapn|ouoD} AIXXX mam.(w. .

105

QT mOrmy)




One note regarding output must be made; the orograin was also
operated on the multiple terminal remote-access (DEMAND) system

in use at Lockheed-Georgia Company. This system possesses two
output modes; WRITE (6, XXX} couses output to be printed on-line;
WRITE (10, XXX) enchies the output to be internally stored for later
oftline display. The cade NP is set to 6 or 10 cccording to the

sign allotted to the case number. The option may be essily changed
to suit the available output device codes.

A3.3  Inpyt Data

This is defined at this point since use »f the defined operating controls,
etc., simplifies the program des:riptions which follow. Table XXXV
defines the various items with their locations in th. doto block and the
standord values built-in, '

Description of Progrom

A Hsting of each of the routines is given, with notes describing tha purpose
of the appropricte section. The basic aguations are given in Appendix il

I the plot routines are unsuited to the uier's computer system, input Ham
140 she Id be ignored ond the following cm‘ds removad:

 Siheough 35, 85 through 67, 122, 134 Mwough 135
299 through 309, 317 through 321, - 335 theough 338, 350 through 334,
373 thiough 386, 403 through $10, 419 through 422, 427 tvough 437,
446 through 458, 471 theough 477, 482 tvough 493, 503 through $14,
C560, 0 T, T3) vivough 738, D740) theough 743, 758 vhrough 7éo,
777 theough 787, 802 thvough 809,  R1Z theough 901, 983 thewugh 792,
994 theough 100, 3017 theough lOJQ f{kﬁi /hmugh 1058,

o) MAIN FROGRAM
Tho first &9 fines of the progwm centrol ﬂw ciloconm of storage,
the. definitions of comman and doto blocks, eq«vasme statemants
end mhar ayst&m controis. o
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MAIN PROGRAM (Continued)

Lines 70 through 115 initiclize the data. The standard values
are those of Table A3-l.

Lines 116 through 132 read the case number for the first case of
the run and set the output device coae, NP. The "99 Continue"
statement is the return point for recycling and is followed by the
read statement for the case caption and the addition of 1 to the
previous case number.

Line 133 calls DECRD to input the case data, which is confined to
any changes from the previous case. When the first case data is
input, it consists of changes to the standard data (but must contain
one entry).

Lines 134 through 138 set buffars for the plot routines. Lines 139
through 142 set the output format control, IP, according to the
sign of the interval, DX. If DX is negative IP = 0 and only the
summary items are output, the tables being omitted. If DX is
positive, IP = 1 ond the tables are included in the output (see
also line 207). '

Whan aot using FORTRAN V, card 133 moy be changed to
GALL DECRD (UN?LD)
_ ond cards 518 ond 552 in DECRD should then be changed os described in
‘para. (b,

VS
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MAIN PROGRAM (Continued)

Lines 144 through 169 only apply if the load spectrum ordinates

are input. The input values, TXI, are transferred into the load
spectrum array PXL until a value less than 0.1 E-19 is encountered;
the rest of the PXL array is zeroad. Values greater than unity are
set to unity (a probability of unity represents certainty and graater

values have no meaning).

Lines 170-171 ensure that all values of X below XMIN are associated
with a foad spectrum probability of unity, so that XMIN can be set
at the highest X-value with this probability, and the input data

reduced in volume.

The case number and caption are written {lines 172 through 180),
followed by a print-out of the data (as set for the case), provided
that P is not zero,

Lines 200 through 205 form the factored design load for the case,
and if this is less than the maximum value previously encauntered in

the run, retains the previous value.
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MAIN PROGRAM (Continued)

Line 206 sets the maximum number of intervals ollowed for the
case (if different from the standard volue). f the input value,
RNB, is negative, the output control is reset ot line 207 to [P = -]
and represents o commond 1o print every lina. f RNB is posiiive,
IP = +1 and the output table is trunceted as described in PROBF,

Lines 208 through 232 form the aumber of calculation intervals. A
range from XMIN to twice DSNLD is assumed, with o band edge
coinciding with UNFLD. The resulting number of bands is com-
pared with the permitted number, N8, ond if too lorge, is curtailed

ot the upper end. The highest volue of X is compared with the
highast tast load to ba used and the assumed ronge increased if
necessary, up ta the timit implied by N8,

Lines 233 through 239 initiolize the mean sirength arrays, PSM
ond PSM2, ond st the X values, ensuring thot ¢ zero volue for
X is not ysed,

it KMLis | or 2, the lood gectium is Tormed from the input
properties of o double-fanily description of the probebility thot
X is the maximum lood encountared, Appendix H dewcribay this
provess, which covers tings 242 through 273,
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a)

MAIN PROGRAM (Continued)

The s:atements of lines 276~285 represent the formation of the
basic strength distribution as defined by elements 15-20 of the
input data.  If the fabrication variation is to be superimnosed
(FVARA not “zero"), then STR is used for this purpose as in
fines 286-292. The basic strength distribution, PXS, is copied
into PSM and PSM2 which are then m~+ified within STR. The
coefficient of variation of the resulting distribution, VARS, is
used in line 293 to define the intended mean strength by matching
the design foad to a strength which is SALL stondard deviotions
below the mean. The intended strength distribution properties
are then printed ot lines 295-298.

Data is set for the plot routine in lines 299-309. If the “no
error” probobilities of failure are to be printed {KS = 1), the
hecding is written ot lines 315-316. The intended distribution
of mean strengths, with no wrror, containg urity for the band
containing tha intended mean, but is zerc elsewhare, @ given
by lines 322.331.

The intended strength distibution is formed by SIR, followed by
the uie of PROGF to form and write the faiiute probobilities end
walighility. 1IPLOT = 1, th - volues ore then plotted at ling 338,

14
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MAIN PROGRAM (Continue<,

Line 339 forms the error function option, KE. The heading is
written (line 347) and stored for plotting. At lines 355-356,
the input data PF! and PPU2 are temporarily held in dummy
storage so that their \neaning con be changed for the double-
family error function (KE = 4).

DISCR is called at line 361; this modifies the distribution of
probable mean strength, PSM, by one of the four error function
routines. If the fourth is used, PF! and PPU2 are reset ot lines
362-363. STR is called at line 368 to use *he revised PSM array
for the formation of a new PXS arr~y, which is then employed in
the re-evaluation of the failure probabilities and reliability, using
PROBF (line 372). If IPLOT =1, the necessary data is transferred
to the plot routine buffers, at lines 374-386.

Line 367 sets the test option, KT, and line 394 sets the number of
tests, NT, When KT = 1, this implies NT tests to each non-zero
test factor; when KT = 2 or 3, this implies NT tests, one to each
of the NT test factors input.

Lines 395-376 duplicate the cumulative probability of a given
strength in PRSZ, to endble the original values to be retained

in PRS for later use.
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a)

MAIN PROGRAM (Continued)

The operations on this page incorporate the effects of NT tests
surviving each of the input test load levels, defined by o test
facter applied to the unfactored load.

The headings are formed (ond stored for the piot routine) in

lines 400 through 410, The counter, MT, is initialized as 1

and the first test factor tested for a "non-zerc" value. Headings

are written (and stored) in lines 417 through 437, and TEST is
called to form the probability of surviving al! subsequent tests.
BAYES is then used to update the mean strength distribution, PSM2,
this then being used to update the individual strength distribution,
PXS, by means of STR. PROBF is used to form the fuilure Aistri-
bution and reliability and the values are stored in the plot routine
buffers (iines 445 through 457), |

This process is repeated for the remeining tests to the fivst test level
(the loop fram line 423 to line 459). MT is increased to 2 ond ths
whole process repeated by a return to line 412, When o “zero" -
test factor is encountered, the case is ended by returning to line
129, ‘ '
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MAIN PROGRAM (Concluded)

The final operations are similor to those on the previous page, but
are for the remaining two test options. In both cases, NT tests are
made, one to acch of the MT test factors. When KT = 2, the tests
resuit in failure ot o load assumed to lie in the boand containing the
value; for KT = 3, the test survives the specified load.

the oppropriate heading is written by line 463 or 448 and is stored

for plotting in lines 471 through 477. The pre-test distribution of
mean strength is copied inte PSM2 which is then updated by BAYES
(line 497), and used o update the individual strength distribution

(STR is called ot line 499); these new volues of PXS are then used
in PROBF to r_e;gvaiuéte. the failure distribution and reliability, which
are storad in the plot buffers (lings 503 through 514).

~ This locp (lines 480 through 515} is repeated for each of the tests,
. after which the program retums conirol to Ting 129 for the nex! case.
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b) DECRD

This decimal read routine is similar in effect to the one used
(but 1 ot listed) in reference 1. The description in reference 1
remains applicable and is reprodiced here.

In the Decimal Read data input method, each card is divided
into six fields, each containing 12 columns. The first field is

raserved for the index which is the Data array location of the

data in the second field on the card, so that five fields are
available for data. However, it is not necessory te supply o
number in each field; if o field is blank, the program will retain
the variable unchanged from the valye olready stored in the DATA
array. The remaining four fields on each cord represent the loca-
tion of varicbles which are in numerical sequence ofter the first
location,

Evp

This routine forms the distribution properties of the load or strength,
using Gumbael squations for double~fumilles. For the load spectrum,
maximum extrames (K = +1) are used, the tail extending towards
_higher loads; for the strength spectrum, minimum extremes (K = ~1)
are utad, the tail extending towards lower stireagths.
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Lines } through 10 allot storage, etc., and are followed by definition
of the intercepts and slopes of the charocterdstic straight lines of the
Gumbel plots. The overall mecn of the double family is formed at
line 30, and the summation terms are initialized in lines 31.34.
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*When not using FORTRAN V, cards 518 and 552 should be chonged to

SUBROQUTINE DECRD (RKY)
550 STQOP
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EVP (Concluded)

The basic loop comprises lines 35 through 85, For each band

of the variable, X, the cumulative probabilities are formed at
the band edges for both of the families. The differences give
the population in the band as PHT (line é8), double precision
being employed to improve accuracy. First and second moments
are found assuming the band contents to lie at the bond center.

For the load calculations, the rasulting values are integrated to
give PXL, the probability of exceeding X; the integration is
actually formed by subtracting successive increments from an
initial value of unity,

For the strength calculations, the increments are stored in PXS
and the cumulative probabilities stored in PRS,

Finally, the mean (BART), standard deviation (ST) and coefficient
of variation (VAR) are formed, followed by the return statement at
line 89.

Lines 90 through 96 are provided to remove a possible anomoly when
family B is to be subtracted, If the cumulative probability reduces
in passing from one band to the next, a negative population is im-
plied for that band, which is physically absurd, The presence of
this irrational value is detected by a near zero increase in the trans-
formed probability, YT (line 59). When such a condition occurs,
BETAB is raised by five per cent and o new attempt made; this is
repeated until valid results are obtained,
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STR

This routine evaluates the resultant strength distribution, PXS,
and its cumulotive probability, PRS, given o distribution of
mean strengths, PSM2, and o basic definition of the shape of
a distribution with o given mean.

Lines 1 through 7 define the basic storage, etc. ond the
initial volyes of the working arrays PXS2 and PRS2,

The foop of lines 8 through 30 tokes each mean strength level
in turn ond forms the distribution of that contribution to the
total, using EVP. The inner loop of lines 21 tiwough 29 sums
the contributions of each sub-distribution.

The second phase, lines 32 through 57, permits the superimposition
of o second variation such a3 that due to fobricution, and reforms

~ the velues of PX52 ond PRS2,

The remaining lines wum the totgl and the first ond secend momanty,
forin the overoll mean (BART), standord deviction {ST) and coefficient
of variation (VART) and clso copy the working arrays into the cammeon
urtoys, PAS and PRS, before retuming.

126




B

:: SURRBUT Ll STHIANY A0 RA, nVANA ASURD JARARB JAVANL yulial, Sten
SdT o dERAMAUY ARG USUED LRANE Y AL sBRT VAR Sirhie.
: DIPENSION PASZI200),PPSI(ACLIPLTL0C) T T ) "'sn»u::“;
N CoRrMON a2 PRLIUO G000 K2 PASH } 3 :
ae DU B 1elaNA 00 ital, 154200 o.'_xs(z_uw.vsnc:om.rsnaqumss;:mes:
o PeS21 1109 LI LY
e % PRS2(11%0. STPrLLYS
@c . 0y | 1el,Na S:r‘huas)
- s &
;' EFIPSRILEdIeq w3t 1200244 . ?,’:" ‘:’
1ys A2 PunditireQ, ;'sn,o;v
Vie v To ! R 7 e e - . YTPu.iouy
Lde 2 ALANASALAKASBLLIZARAN S;ﬂ-uﬁ.l
1ae NAANRSIHANGS KL | ) FAWAR SFP-‘J‘,._.{
[ oL drtandel) didan ] ) STPatme)
13+ 3 AOTamAJANASALANR : o -omee - S;P'«_MM
.l':',, se . SSToeAvIRBeAHANG ;,:bu"(‘
11 ae ta 14 s : nieas
tae 4 S3TAea/ARS $Tra.nel
;"’ SSTanavy i " 2:”1’."1’1
Ve 1% CALL EVPISIAKAY ADANSSSTA puieed
. — . s sASURDBVARMRG ,SSTh 0ART Wi
.2“ i3 D) geluns - e sVasry) A LLELTY I
;l' ELPAL MR ALl olO) 19ak5ad j:;:“:;}‘
e 15 grasy " R
2o G Teas : ' Sirmeeld
Es- a MRAwPANL lePSP2i ) ) z::»»iu.
o ___Ma_DPRepa§igteRym2gr . » &lgn &y
2t Pandt I WAL 2180k : : o - I ,.”‘,“
LA eyl uPlGRiatenyy s:u“a“
s s cuntingt - :__i‘:’t;j.',_:_:_
e Y Cunt g nae
Me C'. | n‘ P $1imsuny
) tmvdsdaaygdid duedaadd a Tyn
e L 22 2T teruNd \c e
33 Pottireraddtin : ATrmaead
Rl RS AFE LT . st cieny
Tyan IYRCEIS RN TR s e
dan 2 23 (it
3t IFtrat el la®itd dvaaWagh
a2 v Ral lleidy -
3w 4t tu 22
.":&1«..-.—& AASRBACLGLD (i re ccras——
Ngy dlanserl{ledud and, 1auh i ST —
Ve TRV V.TORRR PO YOS5 :
Le 3 Sem s . * i
i e "A!ibu"-h:lileiw“ : e : ‘;:"‘*,‘-
‘\: Nythsucizusinitd :": ;9::
.4 Wa te 49 ' C o
RS SRR L 3803 LSt T ylrese
A A SV T payeg TSNS T g i S T e :;"F"’
. sa- . . RO
-q. IR RS R A R A T LTI T L T T T L Y T R Y Y I TS Y R Y B i¥e v
-4 e 4% A%yl 7 '\u :
v S AT YT LT POTTA R I I B o
Wi 3 mveeds ’ ' ) O
LYY R T A T L T I T " et e s o T
s 33 seveny gseratind 2t
wae T I T T W N P
o 2% rejicolepag i rwged ;:. »
A A §3 Fantiacg \_;4.
R g S
§'. e S - a e o - \,-’.V‘
3 5w wvie
YA [ I N ] $oe
L2 ey alistey et :‘:A‘\\ Te.
#3e weLipietatit. . ;:’. N
'Ry L
EN PYTRRESTENY o L Wy v ¥ 3
. ae — N B N NI e« e o e e .
Ty % ®e ANBEFL L st.a :
wte TR T IR R T s:‘.""f'
ade L L T S N XL SR Ll 2R 1] ‘:“,‘~ T‘,
..-" FYT LY R TY L Qeg &g:.>;‘$
SOOI LU TEAAES R TTARLERAL Ll LI Antiad et
:I‘ cee Tuitigant - - e s “.-@....::.:.“:;._':
(4] e Pived
™ r::.w‘ Vise T&e
| AR

127

A Ll

e SNANT FMER Ve e




T T

5

o)

oy

v

PROBF

This routine calculates the incremental probability of failure (DELPF)

for each strength level and integrates to give the cumulative failure
risk, PF, The final volue of PF is subtracted from unity to form the
reliability. The routine is also used to print all relevant output values.

Dimensions, etc. are spocified in lines 1 through 20, If the ocutput
code, IP, is not zero, the headirg is printed {line 22). [FIP is

negative, the stort control, JST, is set to one, otherwise it is set
-to the last interval hcving o load probability of unity {lines 26-32).

For the first interval {which will always have unity for lcad prob-
abllity } the cumulative streagth probebility is ysed to form the total
prabability of failure of this load; the values are stored for plotting

aond are wri’ m af hine 45,

The reraining intervals are *hen treated in turn in the loop {iines
4o through 74}, When [P is +1, the insignificant lines are not
printed; h.ase are chosen as those for which the incremental foilure
probability is fess then po-!! and for which the probebility of o
lasser strengh axceeds 0999993, The last line is alwuys printed,
The resultant ratiobility iy 1wt by line 73, lowd levels below un-
foctorsd lood boing jumped. '
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PROBF (Concluded)
The final lines print the total failure probability and reliability,

storing the values for pliotting before returning.

BLKDAT

This subrautine stores the titles used in the plot routine.
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SUBPLT

This s used in conjunction with tl . system routines PLOT,
PLOTS, SCALE, CAXIS, SYMBOL and LINE, to plot the

appropriate output., Values are written on magnetic tape

for eventual prepuration of hard-copy ouiput.
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DISCR

This routine uses the appropriate error functions to modify the
mean sirength distribution array, PSM. It contains four alter-
natives, described in Appendix il.

Lines | through 7 set the storage, etc. an. the program then
splits four ways.

if KEis 1, the Bouton/Jablecki function is formed and used to
define the probable PSM values, os implied by lines 9 through
23.

When KE is 2, the Freudenthal function is used in the same way
(lines 24 through 37).

For a KEof 3, o Gumbel function is used (lines 38 through 51).
The fourth option differs in using o double~fomily distribution

whose means and coefficients of variation are input. Lines 52
shrough 72 are similar to the corresponding parts of EVP and also
form o modified PSM array - ' -
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DISCR (Concluded)

The final lines are common to all four options and are a test
that virtually all of the distribution has been formed within the
permitted X-range.

TEST

This routine evaluates the chances of surviving each of the subse-
quent tests in a series. Lines 1-20 set the storage locations and
write the heading.

For NT tests to each specified (non-zero} test factor, lines 22
through 50 locote the band containing the test load, XT and
extract the probability of strength less than this, The complement
gives tha required chance which is self-multiplied for each test
in the series (line 33). Valuas are written ond stored for the plot
routine before reti ning ot line 50,

136
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i) TEST (Concluded)

Lines 51 through 78 perform a similar function for the alternative
options of one test to each of NT different test loads.

i) Gev

This function evaluates F = exp (-exp(-y)) for the Gumbvel dis-
tribution. Double precision is used, and four ranges of y are
separated. For y < -4.0, the orobability of a lesser value
is negligible. For values between -4.0 and 14.0, the basic
function is computed. When y exceeds 30, the probability has
reached an effactive limit of unity.

For values between 14 and 30, direct computation breaks down
sirce exp (~y) becomes insignificont, Expanding gives

e-2y 0'37 + 3—4)' A3-1

o~ _ -
21 31 a

e = 1. +

but since y is large, all but the first two terms tend to zero,

and the function can be replaced by 1-exp(-y).




k) BAYES

.,, -3 Subroutine BAYES uses Bayesian techniques to update the mean
strength distribution, PSM2, so as to incorporate the test resulls.

Lines 1 through 18 allocate storage, etc. ond initialize values.
The basic loop (lines 19 through 45) first forms the constants of
the double-family distribution of strength with mean at x{i).
For survival tests (KT = 1), the probability of o volue greater
than Xy is formed ot lines 25-26 ond 32-36. For failure tests
(KT = 2), the probability that the test load is in the interval

x + 1/2dx is formed by lines 28-36 ond 38-41. |

- - Line 42 forms the numerator of tha fraction on the right hand
' side of squations A2-48 or A2-50, tha PSXT value being gppro-
priote to the type of test. Lines 43 and 44 datermine the maximum

Eh o

: _ _ value of the numerators for all bands, and line 45 sums the values
E 0 to set the derominator, '

R | ' ~ {F the denominator is “zero™, lines 47-50 set o diagnostic meuage,
and, if the summation consists essentially of one term, lines 51-56
print an gppropriate warning. f o valid expression exists, lines

- 57-59 form the posterior distribution of mean sirangth oy PSM2,
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A3.5 User's Guide

a)

b)

" column V.

~ After the lost routing, o card is inserted beating

-columny, 12A8 fomot being used).  This cord st be prevent,

the location of the fint is rightodjusted to column 12 and the
“othar locotions ore inglied as conwcutive. The crithmetic volues

Deck Set-up
The first two cards required ore:
@ RUN Card containing run identification
@ LOG Card giving accounting information
whera the symbol (& represents the multiple 7-8 punch in

The FORTRAN cards for the source decks of the main program

STRP ond the ten subroutines (DECRD, EVP, SIR, PROGBF,

BLKDAT, SUBPLT, DISCR, TEST, GEV ond BAYES) follow,

each being praceded by on input and compile card of the form.
& FOR, IS ,STRP, .STRP

& XQT
and, if plos we ™ bogenerated, this is pre\.adod by

@ ASG, T 4., T, resl o,
Data Input o o
The format hes been dowribad tn parogroph AJ.4{b), and o
somple input sat is showa in Tobh XXXV, The fink cond con-
tains the cowe number of the First cass in the tun; this is nght

justified to Column 5; if output dwcce 10 is 10 be vad, the
co number s negalive, :

The next card beaes the copticn for eh—e first come (up to 72

The remuining cote cords bear inpul dato which differs from
the stondord built-in- volues. Each cord cosries wp 10 five value,;

ore E12 formot; deciomal volues moy lie onywhere in the 13-
column Held, but integers ond integer exponents must ba right
adjusted to columns 24, 36, 48, 0or 72. Th - logt dota ceud for
the cate mwst hove o minus sign (-} in coluamn I,
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A similar set of data follows for the second cuse (the ception,

followed by any data changes, the last card having a mir.us sign

in column 1).

Note that one datn card must exist, so thut when running the
“standard :ase", at least one of the built-in values must be
repeated in the input,

Referring to Table XXXV, card 3 represents data input for loca-
tions 5, 6, 7, 8, 9. Since RKML (location 5) is the only value
to be changed from the built-in data, only the first data fiold

is used, the others remaining blank., The next data item is SBARA
in location 16 and cannot be entered on the same card, so a new

set of five items is inserted on the next card.

Considerable flexibility exists for entering input date on the same
or separate data cards. For instance, RKE storted with the built-in

value of 4,0, was changed to 1.0 by card 19, changed back to
4.0 by card 23 and finally changed back to 1.0 by card 29.
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APPENDIX IV
EXAMPLES OF USE OF PROGRAM

Summary

Two groups of examples are given in this Appendix, to illustrate the input
ond output options available. The first group uses the standard data and
the second group uses realistic C~141 gust load data with reclistic strength
data, One of the cases in this second group was arranged to have com-
parabie data to that required by the original program of reference 1, and
the corresponding case was run using that program.

Standard Data

The input data is shown in Table XXXV!I.Three cases were run to illustrate

the output options. Case | makes no changes to the buili-in data {(element

1 is repeated to provide DECRD with input); the output tables commence at
line 13, the highest value of X with PXL of 1.0, and ends ot the line where
PRS reaches 1.0. The last line is also printed.

Case 2 ccils for every line to be printed by a negative value for RINB
(element 4); plotted output is requested by 1.0 at focation 140. The
third case restores element 140 to zero (no plots), but inputs DX as nega-
tive to call for the short output with the data and tables omitted.

The ouput appears in Tables XXXVII through XXXIX  and the plots of
case 2 are given in Figure 99.

C-141 Examples

The input data is that of Tablao XXXV, Eight cases were run in sequence,
the first four having three tests surviving 1.5 times the unfactored load
and the last four having three test failures at that load. The error furction
for cases 1-3 and 5-7 was a double-fomily distribution, the means, co-
efficients of variation and contributions of the two families being varied.
Cases 4 and 8 empivy the standard Jablecki function of reference 1.

The output of cases 1, 4 and 8 is qiven in Tables XL, XLI and XLII.
The plotted outputs of cases 1 and 4 are shown in Figure 100 and 101.

Table XLIIl summarizes the output of all eight cases, together with the

output from two runs of the original pregram. These used a Weibull strength
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distribution (skewed towards fower strength), but whereas case 9 used g
Weibull load distribution (skewed towards lower loads), case 10 used
a log-normal load distribution (skewed towards higher loads) as being
more representctive of the data used for Case 4.

Examination of the values shows that in spite of the differences in data,
in error functions and in the two programs, relatively little differences
exist in the reliobilities "demonstrated” by the test results,
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AP e IR IANONTEE S,

s TABLE XXXVI

INPUT DATA FOR STANDARD CASES

CARD JCOLUMN 1 2 3 7
NOQ. 12345678901234567890123“567890123’-.’5-{7 ees 012
1 1 T
2 STANDARD DATA MORMAL oUTRUT
3 = 1 10ite0
4 | STANDARD DATA FULI. OUTHUT
5 140 1.0
6 |- 4 -100.0
7 STANDARD DATA SHORT OUTPUT ;
8 140 0.0
O

- 3 "500 ! .
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CRSE NQ. ! STRNDARD DAIA FuLL OulPui
INTERDED FRILURE PROB.. NO QISCREPRNCY, ND TEST.
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FIGURE 99 CalCOMP PLOTS OF STANDARD CASE (FULL OUTPUT) (o) Intended Reliability
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CASE NO. ! SIANDARD DATA FuLL QUTPYl
PREDICTEQ FAILURE PROB. WITH PROB. DISCREPANCY. NO TS

REVISED MERAN STRENGIH - 152,500
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FIGURE 99 (CONTINUED)  (b) With probable discrepancy, no test
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BPLF) (X10 ® !

(x1e

PIF1

O‘C

.30

.29

.10

.03

.16

-12

.C8

.CC

CASt WU, ! STANDRRO DATA FULL OuTPUl

UPDATHD FRILURE PROB. AFIER ] TESIS 10 PASS SANE L QD
TEST NO. ! TEST FRCTOR 1.500 TEST LOAD 160,000
RCVISED MEAN STRENGTH = 156 .4,2
VAR ¢ .058
PROB. OF SURVIVING NEXT T1E£§15
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A ! 150.000 544
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L] e R L A T ) Ll
0 40 89 120 160 200 240 280 320
X
1
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X
FIGURE 99 (CONCLUDED) (c) After one test
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